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The thesis wasis concerned with the design and testing of a mini tail sitter VTOL 
UAV. The design consists of a Duct System with a single Propeller Engine coupled 
with Four Internal Aerofoil Rotor Flaps (Designed for counter Gyro-scopic Effect) 
and four Rudder-vators Flight Controls (Design for Pitch and Yaw Stability and 
control).  The main aim of the study is to understand the dynamics and control of the 
vehicle when transiting from vertical take-off to hover cruising mode. Both 
computational results and experimental measurements of the aerodynamic forces 
show that the axis symmetric craft has asymmetric aerodynamic properties caused by 
propeller slipstream. The non-intuitive aerodynamics requires a careful selection of 
the position of the centre of mass to ensure a statically stable and controllable craft 
with adequate static margin. 
Liew Hui Sing (HT050333B)  ii  
iiie       
          National University of Singapore                                   UNMANNED AIR VEHICLE DESIGN 
 
 
TABLE OF CONTENTS 
No.  Page 
 Title page  
 Acknowledgements i 
 Summary ii 
 Table of Contents iii 
 List of Figures vi 
 List of Graphs ix 
 List of Notations x 
1 Introduction 
1.1. Background 






2 Aerodynamic Model for the Tail-Sitter Design 
2.1. Introduction 
2.2. Rotor 
2.2.1. Factors that Determine the Choice of Rotor 
2.2.2. Thrust 
2.2.3. Computation of In-Plane Forces 
2.2.4. Induced Velocity 
2.2.5. Engine Duct 
2.3. Rotor Flaps 













Liew Hui Sing (HT050333B)  iii  
ive       




2.6. Tail-Sitter Design Dynamics 




3 Fluid Dynamics Simulation of the Characteristics of the Tail-Sitter 
(CFD) 
3.1. Introduction 
3.1.1. How it works 
3.1.2. Applications 
3.2: CFX Simulation Analysis. 
3.3. Tail-Sitter Global Centre of Gravity Position and Body and 
inertial axes systems. 










4 Tail-Sitter Dynamic Test Cell  
 
4.1. Test Cell Requirements 
4.2. Test Cell Design 
4.3. Tail-Sitter Dynamic Test Cell Equipments 
4.4. Tail-Sitter Testing Procedures 
 
4.5. Gyroscopic Torque Test and Measurement. 
 
4.5.1.  Gyroscopic Torque Measuring Procedure 
 
4.6.  Pitch & Yaw Test and Measurement 
 













Liew Hui Sing (HT050333B)  iv  
ve       
          National University of Singapore                                   UNMANNED AIR VEHICLE DESIGN 
 
 
5 Computational and Experimental Results Analysis 
5.1: Computational Fluid Dynamics Results.  
5.2. CFX and Experimental Results and Graph. 





6 Conclusion & Recommendations 
6.1. Conclusion 




 Bibliography 83 
 Appendices 86 
 
Liew Hui Sing (HT050333B)  v  
vie       
          National University of Singapore                                   UNMANNED AIR VEHICLE DESIGN 
 
 
LIST OF FIGURES 
Figure 1.1a Fire Scout Designed by Northrop Grumman …………………………….1 
Figure 1.1b Tilt-rotor VTOL Transport Designed by Bell Aircraft…..……………….2 
Figure 1.1c Free Wing Tilt body in Flight and on Ground...………...…………….….3 
Figure 1.1d Design of the Tail-Sitter………………………………………………….5 
Figure 1.1e Flight Path of Tail-Sitter …………………………………………………7 
Figure 2.1 Aerodynamics Characteristics of the Tail-Sitter Design………….……….9 
Figure 2.2.2 Velocity Diagram for a Rotor Blade Element at Radius r……………...12 
Figure 2.2.3 In-Plane Forces on a Blade Element……………………………………19 
Figure 2.2.4 Actuator disk model for ducted fan………………………………….…22 
Figure 2.3 Flaps of Tail-Sitter.……………………………………………………….23 
Figure 2.4 Lift and Drag Coefficient on the Fuselage………………………..………26 
Figure 2.5 Rudder-vator of Tail-Sitter ………………..………….………………….27 
Figure 2.6a Components of Gravitational Force Acting Along the Body Axis……...29  
Figure 2.6b Body and inertial axes systems………………………………………….30 
Figure 3.1.1: Computational Design iteration………………………………………..37 
Figure 3.1.2: Design modeler Stationary domain………………………...…………..37 
Figure 3.1.3:  Design Modeler Rotating domain………………….……….…………38 
Figure 3.1.4: Meshing on Tail-Sitter and domains…………………………………...39 
Figure 3.1.5: Meshing on rotor………………………………………..…………...…39 
Figure 3.1.6: CFX-PRE………………………………………………………………40 
Figure  3.1.7: CFX-PRE input data………..…………………………………………40 
Figure 3.1.8:  CFX-PRE heat transfer and turbulence input…………………………41 
Figure 3.1.9:  CFX-PRE selection of Inlet domain………………………….……….41 
Figure 3.1.10: CFX-PRE selection of wall domain………………………………….42 
Liew Hui Sing (HT050333B)  vi  
viie       
          National University of Singapore                                   UNMANNED AIR VEHICLE DESIGN 
 
 
Figure 3.1.11: Graph of simulation run………………………………….……..…….42 
Figure 3.2.1: Pressure experienced by Tail-Sitter ……………………….…….....….43 
Figure 3.2.2: Rotational Velocity of rotor at different areas…………………………43 
Figure 3.2.3:  Pressure distribution on rotor………………………………………….44 
Figure 3.2.4:  Magnitude and direction of forces generated...……………………….44 
Figure 3.2.5:  Magnitude and direction of force generated by rotor……………...….45 
Figure 3.3.1: Body and inertial axes systems ……………………….……………….46 
(Original Global Orientation and Centre of Gravity Position of the UAV) 
Figure 3.4.1: Global 6 degree of Freedom XYZ…………………………………..…47 
Figure 3.4.2: Global 6 degree of Freedom XYZ……………………………….….…47 
Figure 3.4.3: Rotate XY by an angle φ of about the Z-axis (Roll Motion) ………….48 
Figure 3.4.4: Rotate XYZ by an angle θ of about the X-axis (Pitch Motion) …..…...48 
Figure 3.4.5: Rotate XYZ by an angle ψ of about the Y-axis (Yaw Motion) ……….49 
Figure 4.2.1: UAV Dynamic Test Cell Design………………………………………51 
Figure 4.2.2: Physical Tail-Sitter Dynamic Test Cell…………………………...…...52 
Figure 4.3.1: Load Cell & C-Block Mounts & Slider, block and rod mount…….…..52 
Figure 4.3.2: Load-Cell Sensors……………………………………………….……..53 
Figure 4.3.3:  Load Cells Junction Box………………………………………………54 
Figure 4.3.4: Digital Read Display……………………………………………….…..54 
Figure 4.4.1 Pre-set axis of orientation of Tail-Sitter (Front View) …………………55 
Figure 4.4.2 Pre-set axis of orientation of Tail-Sitter (Plan View) ………………….56 
Figure 4.5.1: Gyroscopic Torque about the Z-Axis (Plan View) ……………….…...57 
Figure 4.5.2: Gyroscopic Torque, Moment Arm (Front View)…………………...….57 
Figure 4.6.1: Pitch Orientation with Elevator Deflection……………………………59 
Figure 4.6.2: Yaw Orientation with Rudder Deflection……………………………...59 
Liew Hui Sing (HT050333B)  vii  
viiie       
          National University of Singapore                                   UNMANNED AIR VEHICLE DESIGN 
 
 
Figure 5.1.1:  Second CG Position 0.12m below Global position…………………...61 
Figure 5.1.2: Third CG Position 0.14m below Global position……. ………………..62 
Figure 5.1.3:  Coordinate frame function…………………………………………….63 
Figure 5.1.4:  Function Calculator…………………………………………………...64 
Figure 5.1.5: Deflection of control surfaces in PRO-E……………………………....65 
Figure 5.1.6:  Forces caused by elevator deflection……………………………….…66 
Figure 5.1.7:  Forces generated by Rudder deflection…………………………….…66 
Figure 5.1.8: Forces generated by Flap deflection …………………………………..67 
Figure 5.2.1: Second CG Position 0.12m below Global position……………………69 
Figure 5.2.2: Third CG Position 0.14m below Global position……………………...71 
Figure 5.3.1: Rudder Control Deflection 15°………………………………………...74 
Figure 5.3.2: Rudder Control Deflection 6°…………………………………….……74 
Figure 5.3.3: Rudder Control Deflection 10°………………………………………...75 
Figure 5.3.4: Rudder Control Deflection 16°………………………………………...75 
Figure 5.3.5: Rudder Control Deflection 23°………………………………………...76 
Figure 5.3.6: Elevator Control Deflection 5°………………………………………...76 
Figure 5.3.7: Elevator Control Deflection 11°……………………………………….77 
Figure 5.3.8: Elevator Control Deflection 20°……………………………………….77 
Figure 5.3.9 Elevator Control Deflection 26°………………………………………..78 
Figure 5.3.10: Elevator Control Deflection 32°…………...…………………………78 
 
Liew Hui Sing (HT050333B)  viii  
ixe       
          National University of Singapore                                   UNMANNED AIR VEHICLE DESIGN 
 
 
LIST OF GRAPHS 
Figure 5.2.3: Pitch Moment vs. Angle of Attack with Elevator Control Deflection 
with CG Position at Global Position. (CFX & Experimental 
Results) ………………………………………………………………...68 
Figure 5.2.4: Yaw Moment vs. Angle of Attack with Rudder Control Deflection with   
CG Position at Global Position. (CFX & Experimental 
Results) ………………………………………………………………...68 
Figure 5.2.5: Pitch Moment vs. Angle of Attack with Elevator Control Deflection 
with CG Position 0.12m below Global Position. (CFX & Experimental 
Results) ………………………………………………………………...70 
Figure 5.2.6: Yaw Moment vs. Angle of Attack with Rudder Control Deflection with 
CG Position 0.12m below Global Position (CFX & Experimental 
Results) ………………………………………………………………...70 
Figure 5.2.7: Pitch Moment vs. Angle of Attack with Elevator Control Deflection 
with CG Position 0.14m below Global Position. (CFX & Experimental 
Results) ………………………………………………………………...72 
Figure 5.2.8: Yaw Moment vs. Angle of Attack with Rudder Control Deflection with 
CG Position 0.14m below Global Position (CFX & Experimental 
Results) ………………………………………………………………...72 
Liew Hui Sing (HT050333B)  ix  
xe       
          National University of Singapore                                   UNMANNED AIR VEHICLE DESIGN 
 
 
LIST OF NOTATIONS 
AC  Alternating Current 
BOE  Board of Education 
CAD  Computer-Aided Design 
CFD  Computation Fluid Dynamics 
CG  Centre of Gravity 
CNC  Computer Numerical Control 
COT  Commercial Off-the-Shelf 
DC  Direct Current 
DOF  Degrees of Freedom 
EEE  Electrical and Electronics Engineering 
ESC  Electronic Speed Controller 
LiPo  Lithium ion Polymer 
MEMS Micro Electro Mechanical Systems 
PCB  Printed Circuit Board 
PWM  Pulse Width Modulation 
RFI  Radio Frequency Interference 
RPM  Revolutions per Minute 
SP  Singapore Polytechnic 
TIG  Tungsten Inert Gas 
TSO  Technical Support Officer 
UAV  Unmanned Aerial Vehicle 
UV  Ultra Violet 
VTOL  Vertical Take-Off Landing 
 
Liew Hui Sing (HT050333B)  x  
xie       
          National University of Singapore                                   UNMANNED AIR VEHICLE DESIGN 
 
 
MODELING AND CONTROL OF TAIL-SITTER 
A  Area of Flap 
B   Tip Loss Factor 
b  Number of Blades 
xL
C   Lift Coefficient in the x-direction. 
xD
C   Drag Coefficient in the x-direction 
fD
C   Drag Coefficient of the Flap  
FD
C   Drag Coefficient of the Fuselage  
c   Blade Chord 
D   Drag 
fD   Flap Drag 
FD   Fuselage Drag  
rvD   Rudder-vator Drag 
F   State Transition Matrix in the State Space 
xF   Forces in the Body X-axis  
zF   Forces in the Body Z-axis  
fF   Forces in the x-direction of each Flap 
rvF   Forces in the Rudder-vator 
TF   Forces in the x-direction for Thrust 
xrv
F   Forces in the x-direction of each Rudder-vator 
xF
F   Forces in the x-direction of Fuselage 
zF
F   Forces in the z-direction of Fuselage 
Liew Hui Sing (HT050333B)  xi  
xiie       




F   Forces in the x-direction of Flaps 
G   Control Input Matrix in the State Space 
H  In-Plane Force 
Ix; Iy; Iz Moments of Inertia about Xo; Yo; Zo axes 
K   Vector of Feedback Gains 
L  Lift 
fL   Flap Lift 
FL   Fuselage Lift 
rvL   Ruddder-vator Lift 
M  Moment in the Body Y-axis 
fM   Moment of Momentum of Flap 
FM   Moment of Momentum of Fuselage 
qM   Moment of Momentum of q rate 
rvM   Moment of Momentum of Rudder-vator 
PX  Average Pressure across Rotor Disc 
p   Angular velocity in the x-direction 
pr  Cross Product of Angular Momentum with Angular Velocity in the y- 
direction 
Q  Power 
.
q   Angular Acceleration in the y-direction 
R   Rotor Radius 
r   Blade Element Radius 
zr   Angular Velocity in the z-direction 
Liew Hui Sing (HT050333B)  xii  
xiiie       




r   Radius Ratio 
SF  Fuselage Platform Area 
T   Rotor Thrust 
τ   Rotor Torque 
V   Axial Velocity 
AV   Resultant Wind Velocity 
BV   Inflow Velocity 
 Vf   Maximum Airspeed in the Rotor Downwash 
RV   Resultant Wind Speed 
TV   Tip Velocity 
xv   Induced Velocity 
wv   Wake Velocity 
.
v   Acceleration in the y-direction 
U  State Input in the State Space 
.
u   Acceleration in the x-direction 
.
w   Acceleration in the z-direction 
Z  State Vector in the State Space 
xα   Angle of Attack 
γ   Inflow Angle 
iγ   Induced Inflow Angle 
xγ   Twist at Radius r and cφ  
cφ   Pitch Angle 
Liew Hui Sing (HT050333B)  xiii  
xive       
          National University of Singapore                                   UNMANNED AIR VEHICLE DESIGN 
 
 
δ   Solidity Ratio 
Ω   Angular Velocity 
Aδ   Angle of Flaps 
Eδ   Angle of Rudder-vator 
ψ   Azimuth Angle 
vrwq −  Cross Product of Linear & Angular Velocity in the x-direction 
uqvp −  Cross Product of Linear & Angular Velocity in the y-direction 
Liew Hui Sing (HT050333B)  xiv  
1e       
          National University of Singapore                                   UNMANNED AIR VEHICLE DESIGN 
 
 
CHAPTER 1: INTRODUCTION 
1.1. BACKGROUND 
Take-off and landing have historically presented difficulties for Unmanned Aerial 
Vehicles (UAV). If a runway is employed, much of the operational flexibility that is 
desired of a UAV is lost. Other solutions such as catapults or rocket assistance for 
takeoff, and nets or parachutes for landing impose substantial cost and problems of 
their own. The rotary-wing UAV (e.g. Fire-Scout) are not subject to these landing and 
take-off problems, however they suffer performance limitations in terms of range, 
endurance and maximum forward speed as compared to fixed-wing aircraft. [2,3] 
 
 
Figure 1.1a: Fire Scout Designed by Northrop Grumman 
 
Other proposals aimed at combining some or all of the helicopter’s low speed flight 
characteristics with those of a normal aircraft include the tilt rotor, tilt wing and tilt 
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body [1]. These vehicles, however, represent mechanical complex solutions, with 
weight and cost penalties. 
 
Tilt rotor aircraft has been very successful as a VTOL aircraft; one example would be 
the 266 tilt-rotor VTOL transport aircraft designed by Bell Aircraft as shown in 
Figure 1.1b. The model and guidance technique employed have been published in [4, 
5]. 
However tilt-rotors, of necessity, have transmissions that cut across the wing as 
separate engines in each tip rotor need to be interlocked so that one engine can power 
both rotors in the event of engine failure. The tip rotor assemblies themselves must be 
geared to tilt 90° to effect transitions into and out of horizontal flight. All of these 
translate to added weight and parts count complexity, with much of the mass located 
at the wing tips - the longest moment arm from the fuselage. The wing and airframe in 
turn need to be stressed to handle these extra loads. 
 
 
Figure 1.1b: Tilt-rotor VTOL Transport Designed by Bell Aircraft 
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By contrast of the free wing’s Tilt-Body, Scorpion [18] has simple wing panels, with 
no transmissions, gearboxes and tip rotor structures as shown in Figure 1.1c. Not only 
is the Tilt-Body wing structure much lighter than the tilt-rotor's, it can be even lighter 
than some of the fixed wing UAV. This is because the pivoting wing neutralizes 
turbulent loads against which one otherwise has to design.  
 
Figure 1.1c: Free Wing Tilt body in Flight and on Ground 
 
However, tilt-rotor performs a full hover while the tilt-body could only perform a near 
hover. This is probably the major setback of the tilt body as compare to the tilt-rotor. 
[18] 
 
A potential simpler solution for the UAV application (where there are no passengers 
and crew who like to stay upright) is the tail-sitter [6, 7]. In keeping with the basic 
simplicity of the tail-sitter configuration, hover control can be affected via normal 
wing-mounted control surfaces. Further simplifications and weight reductions can be 
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achieved if the aircraft is allowed to transit from horizontal to vertical flight via a 
“stall-tumble” maneuver [6,7] as in Figure 1.1e and to trade altitude for kinetic 
energy before recovering to horizontal flight. This obviates the need for high power to 
weight ratios, which are required for a smooth transition. Furthermore, this particular 
flight profile dispenses with any requirement for large edge-on flows into the 
propeller disc and hence allows the use of normal variable-pitch propellers in 
preference to more complicated, fully articulated helicopter-like rotors. With the 
introduction of the duct design concept, further improvements to aerodynamics of the 
UAV and thrust performance can be obtained. 
 
The fact that the tail-sitter operates across a much wider range of speeds and attitudes 
than a conventional aircraft complicates the design of the flight controllers for this 
vehicle [6]. They are required to operate in vertical flight when the vehicle 
aerodynamics are dominated by the propeller slipstream effects and when the basic 
vehicle dynamic modes are significantly unstable, as well as forward flight when the 
vehicle flight modes are essentially those of a conventional aircraft. 
 
The New Design of the single Engine Tail-Sitter will post gyro-effect problems and 
directional instability during operation plus the widely different behavior of the basic 
plant (control model) between these two fundamental flight modes (vertical-mode and 
horizontal-mode). 
 
It is necessary to create a processor system that is able to provide reliable guidance to 
the vehicle flight controls. These are required to cover operation at these fundamental 
modes as well as the transitions between them. A processor system created must be 
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able to sense motion and direction change and able to process the necessary flight 
control to counter or stabilize the vehicle during flight. 
 
This Tail-Sitter belongs to the tail-sitter class of the VTOL UAV; it demonstrates the 
capabilities to perform takeoff and lands vertically and hovers laterally like a 
helicopter. 
 
Research on the high-speed forward flight will be studied to see whether the new Tail-
Sitter can be tilted nearly horizontally and observe when in this configuration the 
main body and the rotor flaps act like a wing, and flies in a manner similar to a fixed 
wing aircraft.  
 
 
Figure 1.1d: Design of the Tail-Sitter 
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The ability to takeoff vertically like a helicopter and transit to straight level flight like 
a fix-wing aircraft provides the Tail-Sitter an edge over other VTOL Eaves as 
discussed earlier in the introduction. However the “transition from take-off to 
cruising” and the “unusual” aerodynamic design also meant that standard commercial 
off-the shelves (COTs) autopilot could not be applied as they are catered to either fix-
wing or rotary wing aircrafts, thus similar control architecture [6] has to be adopted.  
 
This  research is intended to design a simple, cost effective Tail-Sitter which is able to 
use the basic concept of aircraft aerodynamics and control to perform transitional 
flight from take-off to cruising and hovering only (due to the wide scope of takeoff 
and landing). Before the guidance scheme could be applied, the system model of the 
Tail-Sitter must be derived, after which the processor flight control system is designed 
by linearization of the non-linear model at respective trim points, followed by 
deriving the respective gains at each trims points using basic stamp programming 
codes. 
Using CFX simulation results to help show whether the physical motion and 
disturbance of the Tail-Sitter corresponds to the pressure and velocity distribution 
generated from the computation fluid dynamics. This will help provide data and 
results to show the performance of the Tail-Sitter with the new duct design and help 
improve the design to further improve its performances. 
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Orientation of Tail-Sitter 
Flight Path 
Transition Phase 






Figure 1.1e: Flight Path of Tail-Sitter 
 
1.2. Objective and Scope 
The major objective of this work is to develop a Tail-Sitter design to perform 
transition from take-off to hover and some form of directional control. In this 
investigation, a perturbation guidance technique is used as the intention to keep the 
controller simple so that it could be implemented easily and yet could satisfy the 
system requirements. [7, 22]   
 
The model of the Tail-Sitter design is required to perform the guidance and control. In 
keeping the simplicity of this study, the modelling of the Tail-Sitter design is 
modelled with three DOF.  
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With the use of Pro Engineering Graphics software to model out the piece parts, 
ANSYS CFX and CNC machining processes, detailed drawings and fluid dynamics 
analysis and manufacturing component parts can be obtained to help manufacture an 
actual Tail-Sitter model for physical testing plus the computer analysis of fluid 
dynamic for data analysis and comparison. 
 
1.3. Overview 
The organisation of the thesis is as follows: 
 
Chapter 2 describes the dynamics and the development of the aerodynamic model for 
the Tail-Sitter. It includes the analysis of the main rotor, the rotor flaps, engine duct 
and the rudder-vator (de facto name for rudder and elevator in one).  
 
Chapter 3 focuses on the computational fluid dynamics processes used for the 
simulation of flight of the Tail-Sitter and obtains the computational results for 
moments of Pitch and Yaw motion. 
 
Chapter 4 presents development of Simple Test Rig to test and compile the Results for 
the Moments of Pitch and Yaw motion. 
 
Chapter 5 analyse and compare the CFD results with Experimental results to see 
whether the Tail-Sitter can be trimmed and obtained static stability during Hover 
Flight Phase. 
Chapter 6 present conclusion and recommendations. 
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CHAPTER 2: AERODYNAMICS MODEL FOR THE TAIL-SITTER DESIGN 
 
2.1. INTRODUCTION 
This research is to design a new Tail-Sitter that is able to take-off vertically, hover 
and cruising. With the concept of Aerodynamics and Engine Duct and Stability and 
Control, a Tail-Sitter is to be designed and built for actual test flight. Modeling 
aerodynamic forces is complicated by the interaction between the rotor downwash 
and the body.  
 
The model of the Tail-Sitter developed here is fairly general and can be used for most 
tail-sitter aircraft with minor modification. The model of the Tail-Sitter includes 6 
components 1) the rotor 2) the rotor flaps 3) the fuselage, 4) the landing gear and 5) 
the rudder-vators 6) Engine Duct as in Figure 2.1.  
 
Aerodynamics Characteristics of the Tail-Sitter design consists of a Duct System with 
a single Propeller Engine [8] coupled with Four Internal Aerofoil Rotor Flap 
(Designed for counter Gyro-scopic Effect) and four Rudder-vators Flight Controls 
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The force/thrust required to provide the necessary lift to the Tail-Sitter is developed 
from the rotor via the engine [10, 23]. In this section, the expressions for the thrust 
and in-plane forces acting on the rotor and the rotor downwash under different flight 
conditions are developed with respect to X, Y, and Z in Figure 2.1 (Refer to 2.2.1-
2.2.28 for detailed derivation). 
2.2.1. Factors that Determine the Choice of Rotor 
The function of a rotor is to absorb the power generated by the engine and transmit 
this energy to the airflow that pass through it. This energy causes the airflow to speed 
up and produce thrust forces on the rotor blades. Both the engine and the rotor will 
become inefficient and result in poor performance if the rotor is not suitable for the 
engine [8, 10, 23]. 
There are several ways of increasing the amount of power that can be absorbed by the 
rotor, and hence create larger thrust: 
• Increase the Pitch of the Rotor Blades 
By increasing the pitch of the rotor, the angle of attack is being increased. A larger 
angle of attack allows greater energy to be transmitted to the airflow. 
• Increase Length of Rotor Blades 
Longer blades affect a larger volume of air thus more energy is transmitted to the 
airflow [23]. 
• Increase the RPM of the Rotor 
When energy is transferred to the airflow at a higher rate, more energy is transmitted 
in shorter time [8,11]. 
• Increase the Camber of the Blade Aerofoil 
Liew Hui Sing (HT050333B)  10  
11e       
          National University of Singapore                                   UNMANNED AIR VEHICLE DESIGN 
 
 
A rotor blade is composed of aerofoil shapes just like a wing. By increasing the 
camber of a rotor blade, a greater thrust force is created just like increasing the 
camber of a wing creates a greater lift force. 
• Increase the Number of Blades 
However, many of these options create more problems than they solve and are 
generally impractical. 
• Blade Angle 
The pitch of the blade is set at an angle that gives the optimum aerodynamic 
efficiency of the blade. If this angle is changed, we will lose one form of 
aerodynamics efficiency in order to gain another. Hence changing the blade angle is 
not a good alternative [12]. 
• Blade Length 
While increasing tip speed is a significant issue, size constraints are the most common 
problems with this option. This change also indirectly affects a number of other 
structural and weight issues [13]. 
• RPM 
As the rotational speed increases, the blade tips moves faster and faster and eventually 
reaches the supersonic speed. At supersonic speed, shockwave will form on the blade 
tips, creating drag and causing efficiency to drop  
2.2.2. Thrust 
Thrust is generated when the blades in the rotor are rotated at high RPM and lift of 
each blade is derived from the spin. Thrust is affected by the following parameters:  
• Blade twist 
• Pitch angle 
• RPM of the rotor 
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• Length of the rotor blade 
• Number of blades in the rotors 
Different blade twists are required for efficient hover performance than for efficient 
cruise performance. In this analysis, a blade twist efficient in cruise is used for two 
reasons: a) a twist distribution which is efficient for cruise suffers a small penalty in 
hover and vice-versa, and b) the aircraft is in the cruise mode much longer than it is in 
the hover or transition mode [14, 15].  
The thrust available and power required at various collective pitch settings and flight 
conditions are obtained by using a mixture of Blade Element Theory and Momentum 
Theory [10, 23]. As a first approximation, the angle between the free stream velocity 
and the normal to the tip path plane is assumed zero. Later analysis shows that when 
the free stream velocity is substantial, this inflow angle is quite small. A correction 
can be applied for finite values of this angle. Figure 2.2.2 shows a velocity diagram 
for a section of the blade at radius r. 
 
  VA
Δ= 21)( 2222^ xT vVVr −+  


















Δ= 21)( 222^ VVr T +    
^
r
Δ= Rr  
Figure 2.2.2: Velocity Diagram for a Rotor Blade Element at Radius r 
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If R is the rotor radius and VT the tip speed of the blades, the speed of this element of 
the blade is 
R
r  VT. Let V be the free stream velocity and vx the induced velocity at 
radius r. vx is parallel to the lift on this element. The rotor downwash is supposed to 
be free of rotation. Let xγ  be the twist at radius r and cφ  the selective pitch. The angle 
of attack, xα  on this blade element is given by  
xα = cφ + xγ - iγ -γ        (2.2.1) 
Where γ is the inflow angle and iγ is the induced inflow angle.  










































x      (2.2.3) 
The resultant wind speed VR, at this blade element is given by 
VR= 222
^
)( xT vVVr −+        (2.2.4) 
If c is the blade chord (assumed constant), the lift, dL on this element of the blade can 
be determined as 
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dL= cdrVC RxLx 2)(21 αρ  
= )(21 xLxC αρ ⎟⎠
⎞⎜⎝
⎛ −+ 222^ )( xT vVVr cdr     (2.2.5) 
Similarly the drag, dD on this blade element is  
dD= cdrVC RxDx 2)(21 αρ  
= )(21 xDxC αρ ⎟⎠
⎞⎜⎝
⎛ −+ 222^ )( xT vVVr cdr     (2.2.6) 
If b is the number of blades, the lift and drag produced by the section of the rotor disc 
between radius r and r+dr can be expressed as  
dLD= )(21 xLxCRcb αρ ⎟⎠
⎞⎜⎝
⎛ −+ 222^ )( xT vVVr
^
rd    (2.2.7) 
dDD= )(21 xDxCRcb αρ ⎟⎠
⎞⎜⎝
⎛ −+ 222^ )( xT vVVr
^
rd    (2.2.8) 
Resolving these forces perpendicular and parallel to the rotor disc gives the thrust 
component, dT and the torque component, dDT , respectively: 
dT = dLD cos (γ + iγ ) - dDD sin (γ + iγ )   (2.2.9) 
dDT = dLD sin (γ + iγ ) + dDD cos (γ + iγ )    (2.2.10) 
Let B be the tip loss factor, then the total thrust on the rotors is given by 
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      ( )               )()(sin)()(cos)( ^rdCiC ixDxL XX γγαγγα +−+





















1 )(ρ . 
      ( )     (2.2.11) )()(sin)()(cos)( ^rdCiC ixDxL XX γγαγγα +−+
Prandtl gives a convenient expression for the tip loss factor in terms of thrust 
coefficient, CT   and the number of blades, b.  
B = 1-
b
CT2        (2.2.12) 
The torque produced by the disc can be computed as  
dτ =        (2.2.13) τdDr
The total torque on the rotor is  




Hence the power Q, required to drive the rotors is  
Q = τ Ω  
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1 )( xT vVVrRcbr ρ . 
       (  (2.2.15) ) )()(cos)()(sin)( ^rdCiC ixDxL XX γγαγγα +++
where Ω  is the rotational speed. Also,  
Ωr = TVrRR
r ^=Ω         (2.2.16) 








1 )( xTT vVVrVrRcbρ . 
       (    ) )()(cos)()(sin)( ^rdCiC ixDxL XX γγαγγα +++





















       ( )   (2.2.17) )()(cos)()(sin)( ^rdCiC ixDxL XX γγαγγα +++
Let PX be the average pressure difference across the disc at radius r. Then,  









2 −+  











ρ     (2.2.18) 
xv  can be found by expressing PX  in another way via momentum theory [14] 
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PX  = [ 222 VVf − ]ρ        (2.2.19) 
where Vf is the maximum airspeed in the rotor downwash. Since the maximum 
induced velocity is twice the induced velocity at the disc [9], Vf can be expressed as 
→→→ += Xf vVV 222   
or  
)(cos44 222 γγ +++= iXXf vVvVV      (2.2.20) 
By substituting (2.2.18) and (2.2.20) into (2.2.19),  can be solved at each radius as  Xv
[ ])(cos44
2




































σγγσ  = 0 (2.2.21) 
The following expression can be used for the lift coefficient and the drag coefficient 
on any blade section. 
XL
C = 6.0 xα   4
1<xα      (2.2.22) 
 
4
1>xα   Not allowed (Stall condition) 
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2.2.3. Computation of In-Plane Forces 
In almost all flight conditions considered here the component of in-plane forces in the 
forward direction is very small. This force has a significant effect only during high 
speed flight for helicopters [13,19]. In high speed, the Bumble Bee would be 
transformed to fix-wing mode, thus the in-plane force is not significant. Therefore for 
the purpose of this analysis, it would be sufficient to determine this force 
approximately. It is computed by taking an average drag coefficient on the blade. 
The drag on an element of the blade between radius r and r+dr situated at azimuth 











⎛ + φψρ      (2.2.24) 









⎛ +     (2.2.25) 
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Figure 2.2.3: In-Plane Forces on a Blade Element 
 
Average total drag on all blades can now be determined. 




































1 φρ VVCRcb TDx       (2.2.26) 
Hence drag force on the rotors is, 







ψφ sincos^ VVrV TC +=
Δ
)        (2.2.27) 
 
Liew Hui Sing (HT050333B)  19  
20e       
          National University of Singapore                                   UNMANNED AIR VEHICLE DESIGN 
 
 
2.2.4. Induced Velocity 
The computation of flaps rolling moment requires knowledge of the rotor downwash. 
The downwash velocity depends on the radial distance from axis of rotation and 
distance perpendicular to the tip path plane. [18,19] To simplify calculations of rolling 
moment in the next section, the induced velocity over the part of the flaps immersed 
in the downwash is assumed to be constant and equal to the maximum induced 
velocity. Using momentum theory this velocity is 2vx where vx is obtained by solving 
the equation,  
( ) 2/12 cos2 φxx vVVv + = ρπ 22 RT      (2.2.28) 
 2.2.5. Engine Duct. 
Static force and moment coefficients at angle of attack and their dynamic pitching 
derivatives are given for an isolated ducted propeller. These result from a potential 
flow analysis which is based upon Fourier expansion of the velocity distribution.  
The analysis offers a valid technique for combining existing theory for ring wings at 
angle of attack and ducted propellers in axial flow. The propeller is represented as a 
uniformly loaded actuator disk and the effects of duct chord-to-diameter ratio, circular 
arc camber, taper, and thickness are shown for the duct coefficients and their pitching 
derivatives [10, 23]. 
The predicted thrust ratio of duct to disk for hovering flight is only slightly less than 
the asymptotic value of unity for thin cylindrical ducts with chord-to-diameter ratio 
greater than one half.  
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For either hovering or axial flight, the duct thrust, the thrust ratio, and the propulsive 
efficiency all increase with duct chord to-diameter ratio, with outward taper 
downstream, with inward circular arc camber, and also with duct profile thickness if 
the actuator disk is located in the most favourable position in the duct where the 
internal cross-sectional area is minimum 
A momentum actuator disk [13] interpretation for a ducted actuator is shown in figure 
2.2.4.  
 The wake area, velocity, and pressure are all taken to be constant. So 
  and        (2-2-5-1a,b) 32 VV = ba =
 Consider static conditions for free-stream velocity V1 = 0: Set 
 fvVVVV =−=− 1312     (2-2-5-2) 
Then ignoring internal friction drag generated on the inner walls of the duct, static 
thrust T0 of the ducted propeller, or ducted fan, is given by 
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Figure 2.2.4: Actuator disk model for ducted fan 




1 VAT ppO ρ=         




1 ρ=         (2-2-5-4) 
Similarly, ignoring whirl, interference, and duct friction losses, the static power P0 
transferred to the air in the form of slipstream energy of the fan wake can be 















1 == ρ      (2-2-5-6) 
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This shows that if P0 and T0 are the same for fan and propeller, then  
wf vv =         (2-2-5-7) 
And  
pf AA 2
1=      or ppf DDD 707.02
1 ==     (2-2-5-8) 
2.3. Rotor Flaps 
In this section, the expression for the augmented thrust and moment from the flaps 
(various aerofoil sections) are derived. The flaps (Aerofoil NACA 1412) of the Tail-
Sitter are mounted just after the rotors and they serve to counteract the roll motions 
created by the rotor torque (gyro-effect) [16,19].  
 
These flaps can be deflected through  to reduce the roll on Tail-Sitter. By 
performing a collective deflections (all deflecting at the same direction with the same 
angle), the counteracting roll moment are contributed by the four flaps together thus 
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These flaps are under the rotor downwash. This has a significant effect during hover 
and the early part of transition where the induced velocity is high. It is assumed that 
the whole portion of a flap under the rotor disc is in the rotor downwash and faces a 
constant induced velocity.  This induced velocity over the immersed part of the flaps 
is approximated by the fully developed downstream velocity in the slipstream. By 
using momentum theory, the rolling moment from collective deflection of the flaps is 
derived. 
 
The assumptions are as follows: 
• Lateral spreading of the induced jet is neglected  
• The pressure external to the induced jet is everywhere constant so that the 
pressure in the fluid entering the flap is the same as that in the fluid exiting the flaps 
surface 
• The frictional resistance due to the fluid-flap interactions is negligible so 
that the relative speed between the flap surface and the induced jet stream remain 
unchanged, as a result of Bernoulli’s equation 
• The body force, the weight of the control volume, is small and will be 
neglected  
2.3.1. Moment of Momentum of the Flaps 
The moment of momentum of a flap about the centre of the Tail-Sitter is  
drAVVVrM
cv
Af ρδ∫ −= )]cos([
 
 =     (2.3.1) drAVr
b
a
A ρδ∫ − )]1(cos[ 2
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b & a - Ends of the flap from the rotor centre 
r - Moment arm of the flap from the rotor centre 
Aδ - Deflection of the flap measure from the x-direction 
A - Projected area on the flap 





ρδ∫ −= )]1(cos[ 2      (2.3.2) 
N – Number of flaps on the rotor 
Beside the rolling moment, there is also momentum in the x-direction in each flap as 
AVCF ADf f ρδsin2=       (2.3.3) 
fD
C - Drag coefficient of flaps (varies based on the aerofoil section type chosen and at 
different angles of attack)  
The total momentum in the x-direction is   
AVCNF ADf fx ρδsin2=       (2.3.4) 
The total momentum in the z-direction is 
AVCNF ADf fz ρδcos2=       (2.3.5) 
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This section serves to express the lift and drag forces on the fuselage. The lift and 
drag on the fuselage depends on the shape of the fuselage in addition to the fuselage 
angle of attack. The fuselage is approximated by a long cylinder [14]. The lift 








CCC += α       (2.4.2) 
The lift coefficient and drag coefficient are shown in Figure 2.4 as a function of the 
fuselage angle of attack, Fα . Symbol  π is equal to 180 degree. 
γθα −=F        (2.4.3) 
 
Figure 2.4: Lift and Drag Coefficient on the Fuselage 
If SF is the fuselage platform area, the lift and the drag can be written as,  
)(221 FDFFF FX CSVDF αρ==      (2.4.4) 
)(221 FLFFF Fz CSVLF αρ==       (2.4.5) 
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The rudder-vators (a de-facto name given to a combination of rudder and elevator) of 
the Tail-Sitter are mounted at the end of the fuselage. They serve as control surfaces 
to perform pitch and yaw. Due to the symmetrical characteristics of the Tail-Sitter, the 
pitch and yaw design are very similar, thus the analysis of pitch could also be applied 
to yaw. The analysis of the rudder-vators is the same as the analysis of the flaps, using 
the moment of momentum equation [19]. 
 
 
Figure 2.5: Rudder-vator of Tail-Sitter 
 
Moment of Momentum of the Rudder-vators 
The moment of momentum of a rudder-vator about the centre of the Tail-Sitter is  
drAVVVnrM
cv
Erv ρδ∫ −= )]cos([  
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       =      (2.5.1) drAVnr
b
a
E ρδ∫ − )]1(cos[ 2
b & a - Ends of the rudder-vator from the rotor centre 
r - Moment arm of the rudder-vator from the rotor centre 
Eδ - Deflection of the rudder-vator measure from the x-direction 
A - Projected area on the rudder-vator 
n – Number of fins (4) forming the rudder-vator 





ρδ∫ −= )]1(cos[ 2     (2.5.2) 
N – Number of rudder-vators (4). 
Besides the pitching moment, there is also momentum in the x-direction in each flap 
as 
AVCnF EDrv rv ρδsin2=       (2.5.3) 
rvD
C - Drag coefficient of rudder-vator  
(using Aerofoil NACA0012, assume Aδ = 0°), [12] 
rvD
C = 0.010  
The total momentum in the x-direction is 
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AVCnNF EDrv rvx ρδsin2=       (2.5.4) 
The total momentum in the z-direction is 
AVCnNF EDrv rvz ρδcos2=       (2.5.5) 
2.6. Tail-Sitter Design Dynamics 
The dynamics of the Tail-Sitter which is based on Newton’s 2nd law of motion 
depends on all the forces acting on it. These forces acting on the Tail-Sitter can be 
divided into two classes: (a) gravitational and (b) aerodynamic. The aerodynamic 
forces can be subdivided into two classes: (i) forces with all control elements in 
equilibrium position and (ii) additional forces generated by deflecting control 
surfaces. Gravitational forces are quite easy to find and are illustrated below: 
 
 





Gravitational force components (3D) 
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The aerodynamic forces are approximated by sums of forces on individual 
components (rotor, flaps, fuselage and rudder-vator) of the Tail-Sitter which were 
derived in earlier sections. The following sections shall use these forces to derive the 
equations of motion for the Tail-Sitter. 
 
Figure 2.6b: Body and inertial axes systems 
 
Before developing the equations of motion, it is important to review the axis system. 
Figure 2.6b shows the body axis system that is fixed to the Tail-Sitter and the inertia 
axes system that is fixed to the earth. 
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2.6.1. Rigid Body Equations of Motion 
The rigid body equation of motion are obtained from Newton’s second law, which 
states that the summation of all external forces acting on a body is equal to the time 
rate of change of the momentum of the body, and the summation of the  external 
moment of momentum (angular momentum). The time rates of change of linear and 
angular momentum are referred to an absolute or inertial reference frame. In this 
analysis, the axis system fixed to the earth can be used as an inertial reference frame. 
The standard form for 3 DOF is illustrated below: 
3 Degree of Freedom (Longitudinal Equation)  
)(
.
vrwqumFx −+=∑       (2.6.1) 
)(
.
uqvpwmFz −+=∑        (2.6.2) 
xzzxy JrpIIprIqM )()(
22
. −+−+=∑     (2.6.3) 
Where: 
.
u   Acceleration in the x direction 
.
v   Acceleration in the y direction 
.
w   Acceleration in the z direction 
vrwq −  Cross Product of Linear & Angular Velocity in the x direction. 
uqvp −   Cross Product of Linear & Angular Velocity in the y direction. 
.
q   Angular Acceleration in the y direction. 
p   Angular velocity in the x direction. 
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r   Angular velocity in the z direction. 
pr  Cross Product of Angular momentum with angular velocity in the y 
direction. 
For convenience, the product of variations ( vrwq, , ,uqvp, pr ) are neglected as it is 
assumed that the variation is small due to the small perturbation. The propulsive and 
the aerodynamics forces are substituted into equation (2.6.1-2.6.3) to obtain (2.6.4-
2.6.6), where subscriptsT  are thrust, rudder-vator, and fuselage [20] and 







=−−−− θ    (2.6.4) 
 
 











          (2.2.11) ( ) )()(sin)()(cos)( rdCiC ixDxL XX γγαγγα +−+ ^
AVCNF ADf fx ρδsin2=    (2.3.4) 
)(221 FDFFF FX CSVDF αρ==    (2.4.4) 
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=+−−− θ      (2.6.5) 
Where are repeated again below as: 
zzz fFrv
FandFF ,
AVCnNF EDrv rvz ρδcos2=       (2.5.5) 
)(221 FLFFF Fz CSVLF αρ==                  (2.4.5) 
AVCNF ADf fz ρδcos2=       (2.3.5) 
yrv IqM
.=          (2.6.6) 




Erv ρδ∫ −= )]1(cos[ 2              (2.5.1) 
Trim is a condition whereby the aircraft is stable about a fixed, defined parameters. 
Based on a set of defined external environmental conditions, trimming is performed 









As the tail-sitter is a dynamic vehicle, which constantly changes during flight. Two 
types of flight conditions will be set for this simulation in order limit the variation and 
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The tail-sitter is preset under the following condition for Take-off flight (A):   
α =0 , q =15.3 N/mo 2, =5m/s, m =3kg, I =0.36 kg/m0u 4, 
The tail-sitter is preset under the following condition for Hover flight (B):   
α =-8,-6,-4,-2, 0, 2,4,6,8 , q =551.25 N/mo 2, =30m/s, m =3kg, I =0.36 kg/m0u 4, 
 
These preset conditions will be simulated both in the computational fluid dynamic 
analysis and the actual experimental analysis of the tail-sitter. This will help to 
standardize the variables in order to achieve accurate results.  
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CHAPTER 3: FLUID DYNAMICS NUMERICAL SIMULATION OF THE 
CHARACTERISITICS OF THE TAIL-SITTER (CFD) 
3.1. Introduction 
ANSYS CFX is a commercial Computational Fluid Dynamics (CFD) program used to 
simulate fluid flow in a wide variety of applications. CFX allows engineers to test 
systems in a virtual environment. It has been applied to the simulation of water 
flowing past ship hulls, gas turbine engines (including the compressors, combustion 
chamber, turbines and afterburners) and aircraft aerodynamics. [20] 
 
It has been used extensively in this project to study the overall aerodynamics of a 
single-axial Tail-Sitter and its capability of flight. CFX allows us to run simulations of 
the Tail-Sitter at ideal flight conditions, thereby allowing accurate readings of forces 
and torque generated by the Tail-Sitter to be obtained. Different angles of attack of 
the Tail-Sitter were simulated and deflections of the flight controls namely the rudders, 
elevators and flaps were also investigated for their stability. With the computational 
results of CFD analysis and the physical results obtained from the Test Rig, we would 
be able to compare the results and derive flight dynamics and control of the Tail-Sitter 
which can be used to eliminate any undesirable conditions. 
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ANSYS CFX is used so as to conduct CFD analysis on the Tail-Sitter. It is a general 
purpose CFD code that combines advanced solver with powerful pre- and post-
processing capabilities. 
3.1.1. How it works 
CFD works by solving a set of conservative equations over a region of interest, with 
specified conditions on the boundaries of that region. 
The conservative equations are: 
• Continuity equation 
• Momentum equation 
• General transport equation 
 
3.1.2.  Applications 
CFD is capable of turbulence modeling, heat/mass transfer, radiation modeling, fluid 
structure interaction, combustion modeling etc. 
 
CFD analysis is applicable to use in power generation, process industries, automotive, 
aerospace, marine, biomedical etc.  
 
In the analysis of the Tail-Sitter, simulations of the physical effects such as the 
pressure and total pressure distribution, velocity conditions and turbulence kinetic 
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Figure: 3.1.1: Computational Design iteration 
Using a modified Pro-E drawing of the Tail-Sitter that we had done, a simulation of 
its flow pattern was initiated. Before an actual simulation could be done we first had 
to use design modeler, a sub-program of CFX, to create different boundary layers of 
the Tail-Sitter as well as a stationary domain to simulate a wind tunnel and a rotating 
domain for the rotor.  
 
Figure 3.1.2: Design modeler Stationary domain 
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Figure 3.1.3:  Design Modeler rotating domain 
After this was done, the next step was to mesh the Tail-Sitter using another sub-
program of CFX. Meshing is done to enable interaction between the airflow and the 
various components of the Tail-Sitter. A high quality concentrated mesh would give 
highly accurate results compared to a poor mesh with large mesh nodes present. 
However, too high number of mesh nodes would require high computing power and 
longer simulation time therefore effort had to be taken to ensure that the mesh quality 
of the Tail-Sitter was sufficiently good for accurate results to be obtained.  
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Figure 3.1.4: Meshing on Tail-Sitter and domains 
 
Figure 3.1.5: Meshing on rotor 
After meshing is complete, the input data such as rotational speed of the Tail-Sitter 
pressure, temperature and airflow conditions were computed in CFX-PRE. 
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Figure 3.1.6: CFX-PRE 
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Figure 3.1.8:  CFX-PRE heat transfer and turbulence input 
 
In CFX-PRE, certain boundary domains have to be created to define the direction of 
the airflow and its characteristics. Below are two domains that have been created 
namely the inlet and the “wall”. 
 
Figure 3.1.9:  CFX-PRE selection of Inlet domain 
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Figure 3.1.10: CFX-PRE selection of wall domain 
A full CFX simulation is then performed and a graph displaying the trend of the 
airflow and other conditions were plotted through CFX-solver. For the run to be 
successful and accurate a similar trend of the lines plotted had to be obtained and 
most of the lines had to be converging. Therefore in regard to this, it can be said that 
the simulation done is successful as shown in Figure 3.1.11 
.  
Figure 3.1.11: Graph of simulation run 
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3.2: CFX Simulation Analysis. 
After run is complete CFX-POST is utilized to obtain results of the run such as forces 
generated and it also allows us to view the airflow as it passes though the UAV.dsds 
 
Figure 3.2.1: Pressure experienced by UAV 
 
Figure 3.2.2: Rotational Velocity of rotor at different areas 
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Figure 3.2.3:  Pressure distribution on rotor 
 
 
Figure 3.2.4:  Magnitude and direction of forces generated 
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3.3. Tail Sitter Global Centre of Gravity Position and Body and inertial axes 
systems. 
The setting of the Centre of Gravity Position and the body and inertial axes systems 
was pre-set at the initial position determined by the Pro-Engineering Graphic 











Figure 3.3.1 Body and inertial axes systems (Original Global Orientation and 
Centre of Gravity Position of the Tail-Sitter) 
 
3.4. Tail-Sitter 6 Degree of Freedom System and Flight Control System. 
The Tail-Sitter axes of orientation and rotation were pre set and determined for easier 
identification of Pitch (Mx, Fy), Yaw (My, Fx) and Roll (Mz, Fz) moments and 
Forces. See Figure 3.4.1 & Figure 3.4.2 and Euler angle of orientation of φ Roll, θ 
Pitch and ψ Yaw motion against the Local Vertical Axes. (See Figure 3.4.3 - Figure 
3.4.5.) 
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Top Side of the Tail-Sitter 
Axis of Pitch 
Axis of Yaw 
Elevator 
Rudder 
Axis of Roll 
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Elevator Deflection  
 
Figure 3.4.4: Rotate XYZ by an angle θ of about the X-axis (Pitch Motion) 
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Figure 3.4.5: Rotate XYZ by an angle ψ of about the Y-axis (Yaw Motion) 
 
After a CFX simulation of the Tail-Sitter at 0 º angle of attack with neutral flight 
control surfaces was done, we moved on to simulating the Tail-Sitter at different 
angles of attack namely 2º , 4 º, 6 º and 8 º as well as -2 º, -4 º, -6 º and -8 º.  
As the airflow characteristics of the Tail-Sitter were to be same and a similar “wind 
tunnel” was to be used, there was no need to run simulations all over again. In CFX-
POST using the coordinates frame function, new coordinate axes were computed and 
generated on the Tail-Sitter simulating the different angles of attack. The values for 
the generation of the axes were calculated in PRO-E using a simple vector-angle 
method. 
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CHAPTER 4: TAIL-SITTER DYNAMIC TEST CELL  
 
4.1: Test Cell Requirements 
 
A customized Test cell was to be designed and built to be able to achieve the following 
philosophies. 
• Tail-Sitter must be able to be secured firmly and the same time able to allow the 
testing of respective degree of freedom. The test cell must also ensure minimal 
resistance to the forces and moments generated by the Tail-Sitter, ensuring that 
the forces measured will be accurate. 
• Tail-Sitter must be allowed to move about its vertical axis to allow measurement 
of moments and force when testing the Roll, Yaw and Pitch Motions. 
• Test cell also has to be rigid enough to withstand the forces and moments 
generated by the Tail-Sitter during test Flight. 
• Test cell must be mobile to aid operations and be easily adjusted to suit different 
configuration. 
 
4.2: Test Cell Design 
 
Currently in the industry, Test-Cells are custom made pieces of equipment. The Test cell 
design must be able to produce good standard of accuracy, achieving close to real life test 
flight and must be durable. 
 
The Final design was decided to be the “Open Cage” design to house and test the Tail-
Sitter. The “Open Cage design is a box with all four vertical sides open. This is to allow 
air circulation from the natural environment to maintain the realistic flight conditions and 
accuracy of simulation. A Tail-Sitter Test Cell as shown in Figure 4.2.1 was designed and 
fabricated. 
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Figure 4.2.1: UAV Dynamic Test Cell Design 
 
The interior section of the test cell was mainly to mount the Tail-Sitter to allow flight 
simulations. To achieve this, the Tail-Sitter will be mounted via three C-block mounts 
mounted with calibrated load cells which were stationed at 120 degrees intervals around 
the Tail-Sitter to measure resultant forces and moments when the Tail-Sitter undergoing 
Hover Flight with simulated independent degrees of freedom as shown in Figure 4.2.2. 
The clamps will be mounted on 3 rods stabilized by aluminum blocks mounted on a 
sliding rail. This is to allow the test cell to be adaptable to any size changes of our Tail-
Sitter. The C-Blocks will mount the Tail-Sitter above the test rig flooring and below the 
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Load Cell & C-Block Mounts 
Slider, block and rod mount 
Figure 4.2.2: Physical Tail-Sitter Dynamic Test Cell 
4.3: Tail-Sitter Dynamic Test Cell Equipments 
The test cell features an array of equipment which are used in  the measuring of forces 
and moments when undergoing simulated test flight with various  degrees of freedom. 
 
Load Cell & C-Block Mounts 
Slider, block and rod mount 
 
Figure 4.3.1: Load Cell & C-Block Mounts & Slider, block and rod mount 
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Figure 4.3.2: Load-Cell Sensors 
 
The load cell is basically a block of cored aluminum protected by steel plates as shown in 
Figure 4.3.2. It measures force by measuring strain on the aluminum block and 
translating it to force readings through a digital converter. 
The Load-Cell works on the theory that force is directly proportional to strain. As force is 
applied to the aluminum block, the aluminum block experiences a corresponding strain 
due to the force. However this is only accurate for a certain range of strain, specifically 
speaking, only in the elastic range.  
When operating the Load-Cells, special care is taken not to apply more than the rated 
load of 3kg on each cell to maintain its calibrated accuracy of ±0.001kg. 
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Figure 4.3.3:  Load Cells Junction Box 
 
 
Load Cell Junction Box as shown in Figure 4.3.3 sums up all the inputs from the load-
cells and provides the resultant load which is output onto a Digital Display. The digital 
display show in quantitatively figures the effective force applied on all the load-cells as 





Figure 4.3.4: Digital Display 
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4.4: UAV Testing Procedures 
 
Due to the symmetrical design of the Tail-Sitter, the orientation of the Tail-Sitter was 
pre-set according to the same reference determined in the Computational Fluid Dynamics 
Simulation (CFX) in order to ensure consistent readings and comparison to the 
computational results when testing and measuring the forces and moments of the Tail-
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Figure 4.4.2 Pre-set axis of orientation of Tail-Sitter (Plan View) 
 
4.5:  Gyroscopic Torque Test and Measurement. 
 
Gyroscopic torque is the tendency for the Tail-Sitter to turn about its propeller axis, in the 
opposite direction to the rotation of the propeller. It is vital to understand the effects of 
this as it affects the directional stability of the Tail-Sitter.  
 
To measure gyroscopic torque, the Tail-Sitter is mounted and aligned to the Test Center 
point (center of test cell). With a Load Cell placed at the Test Center point, perpendicular 
to the Tail-Sitter’s direction of rotation, in which it is counter-clockwise in the case of the 
Tail-Sitter. As the Tail-Sitter powers up, it will tend to rotate, this will cause one of the 
Tail-Sitter’s tail fins to apply a force onto the load cell. By calculating the force on this 
moment arm, the gyroscopic torque can be measured. Different angles of deflection of 
the Rotor Flaps were used to determine whether the tail-sitter design can generate enough 
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4.5.1  Gyroscopic Torque Measuring Procedure 
 
i. Prepare Tail-Sitter for flight 
ii. Prepare Test Cell for testing 
iii. Secure Tail-Sitter at test center within all 3 C-BLOCKS 
iv. Ensure one of the tail fins is touching the Torque Measuring Load Cell 
v. Power up the Tail-Sitter to flight condition 
vi. Take Value from digital display 
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4.6:  Pitch & Yaw Test and Measurement 
 
Pitching and Yawing are vital to the Tail-Sitter’s flight operations. Without Pitch and 
Yaw control, the Tail-Sitter cannot achieve Stability and Control during flight. However, 
it is vital to understand what is the natural pitching and yawing tendencies of the Tail-
Sitter if we are to bring it under control. 
 
To measure Pitching and Yawing, the load cells in the intended direction of measurement 
will be used. With the Tail-Sitter housed in the 3 C-blocks, the Tail-Sitter is then brought 
to flight conditions. During flight, the Tail-Sitter may tilt towards or away from the 
testing load cells. The Tail-Sitter will be orientated to the correct corresponding axis 
alignment. 
4.6.1  Pitch and Yaw Force and Moments Measuring Procedure 
 
i. Prepare Tail-Sitter for flight 
ii. Prepare Test Cell for flight test 
iii. Mount Tail-Sitter at the test center within the 3 blocks, with only the load 
cell perpendicular to the side of the floor board “EXPOSED” to Tail-Sitter 
iv. Set angle of attack by tilting the test cell with two jacks as required 
v. Power up the Tail-Sitter to flight condition 
vi. Take reading from display 
vii. Yaw and Rudder tests have to be repeated for 2 values of X and Y axis 
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Figure 4.6.2: Yaw Orientation with Rudder Deflection 
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To simplify the measurement of the Pitch and Yaw Motions, the Tail-Sitter was tested 
with independent degrees of freedom. This means that when testing the individual motion 
for example Pitch at different angles of attacks, the Tail-Sitter was constraint only to 
rotate about the axis of the motion. In the case of Pitch Motion, it is the moment about the 
X-axis. For Yaw Motion it is the moment about the Y-axis. With Deflection of the 
respective flight controls, we are able to determine independently whether the Tail-Sitter 
can be trimmed and controlled to achieve equilibrium according to each degree of 
freedom.  
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CHAPTER 5: COMPUTATIONAL AND EXPERIMENTAL RESULTS 
ANALYSIS 
5.1: Computational Fluid Dynamics Results  
Due to the nature of the design of the Tail-Sitter, it is highly unstable due to the high CG 
position and its configuration. However, it was found that the stability can be improved 
by lowering the CG position along the Z-axis from it original global CG position. CFX 
and experimental simulations were conducted to prove the concept and theory of stability 
and control.  
CFD and experimental analysis for the Pitch and Yaw motions at different angles of 
attack namely 2º , 4 º, 6 º and 8 º as well as -2 º, -4 º, -6 º and -8 º at three different CG 
position and different control deflection were done to determine whether the tail-sitter 
design can be trimmed to obtained static stability. 
First CG Position is based on the initial Global CG Position as shown in Figure 3.3.1 
Second CG Position was approximately 0.12m below the Initial Global CG Position. As 
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Y
Liew Hui Sing (HT050333B)  61  
62e       




And the third CG Position was approximately 0.14m below the initial Global CG Position 
as shown in Figure 5.1.2. 
 
The Physical Tail-Sitter was also tested experimentally with the same parameters and CG 
positions. The shifting of the CG position was done physically by placing the main 
weight contributing components (Lithium Ion batteries) according to the different CG 
position simulated in the CFX simulation. Control Deflection of the Rudder-vators was 
also tested to determine its trim point and position.  A comparison of both the CFX and 
experimental results was done to determine whether the Tail-Sitter design can be trimmed 













Figure 5.1.2: Third CG Position 0.14m below Global position 
 
By using the CFX Coordinate frame function, the altering of the CG position could be 








UAV Body Axes 
Local Vertical 
Axes
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actual value of the forces and moments experienced by the Tail-Sitter can be calculated 
using the function calculator in CFX-POST. Using it, we computed the forces and 
moments experienced on the X, Y and Z axes of the Tail-Sitter as shown in Figure 5.1.4 
 
  
Figure 5.1.3:  Coordinate frame function 
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Figure 5.1.4:  Function Calculator 
Through the calculation of the values of the forces and moments in X, Y and Z axes, we 
realized that the Tail-Sitter was unstable and required certain control surface deflections 
for it to stabilize. Therefore with the use of PRO-E the control surfaces, namely the 
rudders, elevators and flaps were manually deflected as shown in Figure 5.1.5. 
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Figure 5.1.5: Deflection of control surfaces in PRO-E 
In order to simplify the analysis, we decided to stick to single direction control deflection. 
In other words only the rudders, flaps or elevators would be deflected at any one time. 
Doing combined control surface deflections would require a much longer time and much 
more conditions would have to be considered. Thus with all these in mind, simulations of 
the Tail-Sitter at different angles of a certain flight control surface were done. As we 
were uncertain of the actual required angle of deflection, a trial and error method was 
used and many angles were simulated. After the simulation is completed, CFX software 
can used the different coordinate frames and function calculator to simulate the different 
angles of attack and to verify the values which will determine whether the various flight 
control angle deflected would counter the force or moments generated by the Tail-Sitter. 
Figure 5.1.6 
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Figure 5.1.6:  Forces caused by elevator deflection 
 
 
Figure 5.1.7:  Forces generated by Rudder deflection 
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Figure 5.1.8: Forces generated by Flap deflection 
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5.2: CFX and Experimental Results and Graph. 
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Angle of Deflection=5 Elevator
Angle of Deflection=11 Elevator
Angle of Deflection=20 Elevator
Angle of Deflection=26 Elevator
Angle of Deflection=32 Elevator
Figure 5.2.3: Pitch Moment vs. Angle of Attack with Elevator Control Deflection 
with CG Position at Global Position. (CFX & Experimental Results) 

























-8.0 -6.0 -4.0 -2.0 0.0 2.0 4.0 6.0 8.0 10.0
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Angle of Deflection=-15 Degree Rudder
Angle of Deflection= 0 Degree Rudder
Angle of Deflection=6 Degree Rudder
Angle of Deflection= 10 Degree Rudder
Angle of Deflection=16 Degree Rudder
Angle of Deflection= 23 Degre Rudder  
Rudder Trim Point.  
AOA=-4 with Rudder 
DeRudder Trim Point. 
AOA=-4.5° with 
Rudder Deflection 6° 
flection 6°
Figure 5.2.4: Yaw Moment vs. Angle of Attack with Rudder Control Deflection with 
CG Position at Global Position. (CFX & Experimental Results) 
 
Through the CFX, Experimental results and graphs obtained by the deflections at initial 
Global CG position shown in Figure 5.2.3 to Figure 5.2.4, we realized that control 
surface deflections for Pitch Moment (Mx) cannot be trimmed for stability for both CFX 
and under Experimental conditions. However, for Yaw Moment (My), it was able to trim 
for Stability at AOA= -4.5 degree approximately with Rudder Control Deflection of 6 
degrees for CFX conditions and AOA= -5.0 degree approximately with Rudder Control 
Deflection of 6 degrees.   
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Based on the initial analysis it was not enough to obtain a stable Hover Flight. A Second 
Analysis was done by lowering the CG of the Tail-Sitter to the second position of 0.12m 
below Global position (Figure 5.1.1), which could be easily done through the coordinate 
frame function in CFX-POST. The new coordinate axes were created with the CG at the 
bottom of the duct. (Figure 5.2.1.) 
 
 
Figure 5.2.1: Second CG Position 0.12m below Global position 
 
Following results of the forces and torque were calculated by the use of function 
calculator and there was a significant decrease in the torques experienced. This was a 
good indication as it showed that a lower CG would greatly increase the stability of the 
Tail-Sitter. However graphs produced by the results showed that it was still insufficient 
for the Tail-Sitter to remain statically stable and be allowed to trim. Therefore it was 
necessary to decrease the CG of the Tail-Sitter further. 
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Figure 5.2.5: Pitch Moment vs. Angle of Attack with Elevator Control Deflection 







Figure 5.2.6: Yaw Moment vs. Angle of Attack with Rudder Control Deflection 
With CG Position 0.12m below Global Position (CFX & Experimental Results) 
 
Through the CFX and Experimental results and graphs obtained by the deflections with 
CG Position 0.12m below Global CG position shown in Figure 5.2.5 to Figure 5.2.6, we 
realized that control surface deflections for Pitch Moment (Mx) can now be trimmed for 
stability for AOA= 5.5 degree approximately with Elevator Control Deflection of 11 
degrees at CFX and at AOA= 4.0 degree approximately with Elevator Control Deflection 
of 11 degrees under Experimental conditions. Yaw Moment (My) can also be to trimmed 
for Stability at AOA= -4.5 degree approximately with Rudder Control Deflection of 6 
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degrees for CFX conditions and AOA= -5.0 degree approximately with Rudder Control 
Deflection of 6 degrees.   
 
Based on this analysis the Tail-Sitter design has obtained sufficient trim for a stable 
Hover Flight. A Final Analysis was done by lowering the CG of the Tail-Sitter to the 
third position of 0.14m below Global position (Figure 5.1.2) to finalize the research and 
analysis. The new coordinate axes were created with the CG at the bottom of the duct. 
Figure 5.2.2. 
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Figure 5.2.7: Pitch Moment vs. Angle of Attack with Elevator Control Deflection 







 Figure 5.2.8: Yaw Moment vs. Angle of Attack with Rudder Control Deflection 
With CG Position 0.14m below Global Position (CFX & Experimental Results) 
 
Through the CFX and Experimental results and graphs obtained by the deflections with 
CG Position 0.14m below Global CG position shown in Figure 5.2.7 to Figure 5.2.8, we 
realized that control surface deflections for Pitch Moment (Mx) can now be trimmed for 
stability for AOA= 3.5 degree approximately with Elevator Control Deflection of 11 
degrees at CFX and at AOA= 3.0 degree approximately with Elevator Control Deflection 
of 11 degrees under Experimental conditions. Yaw Moment (My) can be trimmed for 
Stability at AOA= -4.0 degree approximately with Rudder Control Deflection of 6 
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degrees for CFX conditions and AOA= -6.0 degree approximately with Rudder Control 
Deflection of 6 degrees.   
Based on this final analysis the Tail-Sitter design has obtained sufficient trim for a stable 
Hover Flight with both CG at 0.12m and 0.14m below the global position. Due to the 
experimental errors and conditions, the graphs plotted from the experimental results have 
shown reasonable level of similar pattern and accuracy when comparing with the ideal 
conditions and results generated by the CFX simulation. The difference between the CFX 
and experimental results are most probably due to experimental errors like the fluctuation 
of the propeller speed, air friction and vibration of the Tail-Sitter during the test flight. 
This will cause fluctuation in the force and moment measurement of the Tail-Sitter by the 
Load Cells. Even external disturbance by wind will also bring about the difference in the 
results obtained from the theoretically and experimental. 
 
5.3: Flight Control Deflection of Rudder-vators 
The deflection of Flight Control of the Rudder-vators helps to create a counter force and 
moments to help achieve equilibrium and stability of the Tail-Sitter. When the Tail-Sitter 
is subjected to the Pitch Moment for example, the deflection of the Elevator will help to 
generate a force to counter the Pitch moment accordingly to the different angles of attack. 
For the Yaw Moment, the deflection of the rudder will help to generate a force to counter 
the Yaw moment accordingly. With the understanding of the pattern and simulation, 
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Figure 5.3.1: Rudder Control Deflection 15° 
 
Figure 5.3.2: Rudder Control Deflection 6° 
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Figure 5.3.3: Rudder Control Deflection 10° 
 
Figure 5.3.4: Rudder Control Deflection 16° 
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Figure 5.3.5 Rudder Control Deflection 23° 
 
Figure 5.3.6 Elevator Control Deflection 5° 
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Figure 5.3.7 Elevator Control Deflection 11° 
 
Figure 5.3.8 Elevator Control Deflection 20° 
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Figure 5.3.9 Elevator Control Deflection 26° 
 
Figure 5.3.10 Elevator Control Deflection 32° 
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CHAPTER 6: CONCLUSION & RECOMMENDATIONS 
This final chapter summarizes the work and discusses the main conclusions of the study. 
It also presents a number of recommendations for possible future work. 
6.1 CONCLUSION 
This study is intended to analyse the stability and control of Tail-Sitter performing from 
take-off to hover flight conditions using the Computational Fluid Dynamics Simulation 
and Experimental studies with a in-house fabricated test cell.  
The aerodynamic model of a Tail-Sitter is derived for the development of the guidance 
scheme. The model is based on 4 components: 1) the rotor 2) the rotor flaps 3) the 
fuselage, 4) the rudder-vators shown in Figure 2-1.  
Tail-Sitter is modelled with a main rotor similar to a helicopter but minus the complexity 
of having multiple degrees of freedom from feathering and flapping of the rotor. The 
fuselage and the tail fins are represented as a cruciform missile, having similar dynamics 
in terms of the pitch and yaw. Together, they exhibit hybrid behaviour of both a rotor 
wing and a missile. The model may not represent the full replica of the actual model; 
however it does provide some insights to the system.  
Overall, the Tail-Sitter 3 DOF CFX simulated model is able to perform the defined 
manoeuvre from vertical takeoff to hover flight condition as shown in chapter 5.  
However, there are many limitations to this study which should be further improved. The 
effects of the flaps were not studied, whereby its effect which would affect the thrust and 
eventually the flight performance is expected. Analysis on Yaw and Pitch Motion was 
done. 
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After the results obtained from the CFX and Experimental simulation for the motion of 
Pitch and Yaw, despite the Tail-Sitter being a symmetrical vehicle along the Z-axis, we 
would expect the similar results for both motions of Pitch and Yaw. However based on 
both CFX and Experimental results, Pitch and Yaw forces and moments have shown 
great difference in magnitude and pattern. This is probably due to the sideslip forces 
generated the Propeller Torque forces. The Tail-Sitter has a tendency of drifting sideward 
during take-off and hover.  
At the initial CG Global Position (Figure 3.3.1), the Tail-Sitter was unable to be 
stabilized and controlled in both Pitch and Yaw motions. The Tail-Sitter constantly 
topples due to the high CG Position. Further simulations were done by shifting the CG 
Position downwards from the Global Position by 0.12m and 0.14m (Figure 5.1.1 & 
Figure 5.1.2). After shifting the CG Position, the level of stability and control improved 
and the Tail-Sitter was able to be trimmed for stability and control. 
This shows that Tail-Sitter has high level of Stability when Global CG is lower to an 
optimum level. Research on existing Tail-Sitter like the i-star, Cypher and Maya with 
similar configuration and design has also shown that having a lower CG Position would 
help to improve the stability of the Tail-Sitter.  
Another conclusion was the use of the all moving rudder-vator controls. It also helps to 
improve the efficiency of the Flight Controls. Combined with the lowering of the CG 
Position, the Tail-Sitter was able to be trimmed and achieve static stability for both Pitch 
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6.2 FUTURE WORK AND RECOMMENDATION 
Some suggestions for future work are as follows: 
• The effect of the flaps is not considered in this 3 DOF model, as its inclusion 
would make this study more complex. The flaps contribute to the controls and 
flight of the Tail-Sitter, thus to improve the model, the flaps should be included as 
part of the studies.  
• If the flaps are included into the studies, the thrust would be affected, as a 
proportion of the downward thrust from the rotor would be used as an augmented 
thrust to counterbalance the rotor torque. The counter-balancing effect is 
necessary to prevent the Tail-Sitter from spinning in the direction of rotation of 
the rotor, similar to the helicopter rotor effect (e.g. with the tail fin of a standard 
helicopters removed, the helicopter would spin).  
• To further improve the realism of the model, a 6 DOF model should be used; the 
6 DOF model should include effect of the flaps, the effect of varying thrust and 
the asymmetry effect of varying the fin (rudder-vator) demands with respect to the 
flight control.   
• A modified commercial hover autopilot should also be implemented as there 
would be a need for the Tail-Sitter to hold at a certain altitude and position in 
space similar to a helicopter.  
Liew Hui Sing (HT050333B)  81  
82e       
          National University of Singapore                                   UNMANNED AIR VEHICLE DESIGN 
 
 
• The effect of wind on the control is not considered in this study, for the system to 
be of practical use, it should be able to withstand a cross-wind of 60 knots. To 
control the Tail-Sitter effectively in the presence of wind, it is necessary to obtain 
an estimate of the wind velocity. It could be found by direct measurement from 
the environment which generates any wind. However, if this is not possible, the 
wind velocity may be estimated using the measurements of the Tail-Sitter 
motions.  
• The model could be improved by performing system identification using the 
actual vehicle to get a more accurate value for the stability derivatives.   
• Robust and reliable control concepts should also be applied to ensure that the 
Tail-Sitter is sufficiently robust to undertake demanding mission in military or 
civil applications.  
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Angle of Deflection (degree) 
for moment Mx (Nm)
Control Deflection 
of Moment
Angle of Deflection (degree) for 
moment
X pitch X-axis 0.0 -0.002 Elevator 0.0 -0.004 ELEVATOR 0.0
0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
0.007 Elevator 11.0 0.004 ELEVATOR 11.0
0.010 Elevator 20.0 0.009 ELEVATOR 20.0
0.015 Elevator 26.0 0.018 ELEVATOR 26.0









Angle of Deflection (degree) 
for moment Mx (Nm)
Control Deflection 
of Moment
Angle of Deflection (degree) for 
moment
X2 pitch pitch X-axis 2.0 -0.002 Elevator 0.0 -0.003 ELEVATOR 0.0
0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
0.006 Elevator 11.0 0.007 ELEVATOR 11.0
0.009 Elevator 20.0 0.011 ELEVATOR 20.0
0.015 Elevator 26.0 0.017 ELEVATOR 26.0









Angle of Deflection (degree) 
for moment Mx (Nm)
Control Deflection 
of Moment
Angle of Deflection (degree) for 
moment
X4 pitch pitch X-axis 4.0 -0.002 Elevator 0.0 -0.002 ELEVATOR 0.0
0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
0.005 Elevator 11.0 0.004 ELEVATOR 11.0
0.008 Elevator 20.0 0.010 ELEVATOR 20.0
0.014 Elevator 26.0 0.016 ELEVATOR 26.0









Angle of Deflection (degree) 
for moment Mx (Nm)
Control Deflection 
of Moment
Angle of Deflection (degree) for 
moment
X6 pitch pitch X-axis 6.0 -0.002 Elevator 0.0 -0.003 ELEVATOR 0.0
0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
0.004 Elevator 11.0 0.006 ELEVATOR 11.0
0.007 Elevator 20.0 0.010 ELEVATOR 20.0
0.013 Elevator 26.0 0.016 ELEVATOR 26.0









Angle of Deflection (degree) 
for moment Mx (Nm)
Control Deflection 
of Moment
Angle of Deflection (degree) for 
moment
X8 pitch pitch X-axis 8.0 -0.002 Elevator 0.0 -0.003 ELEVATOR 0.0
0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
0.003 Elevator 11.0 0.005 ELEVATOR 11.0
0.006 Elevator 20.0 0.008 ELEVATOR 20.0
0.012 Elevator 26.0 0.014 ELEVATOR 26.0









Angle of Deflection (degree) 
for moment Mx (Nm)
Control Deflection 
of Moment
Angle of Deflection (degree) for 
moment
X pitch X-axis 0.0 -0.002 Elevator 0.0 -0.004 ELEVATOR 0.0
0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
0.007 Elevator 11.0 0.004 ELEVATOR 11.0
0.010 Elevator 20.0 0.009 ELEVATOR 20.0
0.015 Elevator 26.0 0.018 ELEVATOR 26.0









Angle of Deflection (degree) 
for moment Mx (Nm)
Control Deflection 
of Moment
Angle of Deflection (degree) for 
moment
X-2 pitch pitch X-axis -2.0 -0.002 Elevator 0.0 -0.002 ELEVATOR 0.0
0.000 Elevator 5.0 0.000 ELEVATOR 5.0
0.008 Elevator 11.0 0.005 ELEVATOR 11.0
0.011 Elevator 20.0 0.013 ELEVATOR 20.0
0.016 Elevator 26.0 0.015 ELEVATOR 26.0









Angle of Deflection (degree) 
for moment Mx (Nm)
Control Deflection 
of Moment
Angle of Deflection (degree) for 
moment
X-4 pitch pitch X-axis -4.0 -0.002 Elevator 0.0 -0.003 ELEVATOR 0.0
0.000 Elevator 5.0 0.000 ELEVATOR 5.0
0.009 Elevator 11.0 0.008 ELEVATOR 11.0
0.012 Elevator 20.0 0.016 ELEVATOR 20.0
0.017 Elevator 26.0 0.021 ELEVATOR 26.0









Angle of Deflection (degree) 
for moment Mx (Nm)
Control Deflection 
of Moment
Angle of Deflection (degree) for 
moment
X-6 pitch pitch X-axis -6.0 -0.002 Elevator 0.0 -0.003 ELEVATOR 0.0
0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
0.010 Elevator 11.0 0.009 ELEVATOR 11.0
0.013 Elevator 20.0 0.018 ELEVATOR 20.0
0.018 Elevator 26.0 0.020 ELEVATOR 26.0









Angle of Deflection (degree) 
for moment Mx (Nm)
Control Deflection 
of Moment
Angle of Deflection (degree) for 
moment
X-8 pitch pitch X-axis -8.0 -0.001 Elevator 0.0 -0.002 ELEVATOR 0.0
0.000 Elevator 5.0 0.000 ELEVATOR 5.0
0.011 Elevator 11.0 0.008 ELEVATOR 11.0
0.013 Elevator 20.0 0.015 ELEVATOR 20.0
0.019 Elevator 26.0 0.020 ELEVATOR 26.0
0.019 Elevator 32.0 0.022 ELEVATOR 32.0
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X-8 pitch pitch X-axis -8.0 -0.001 Elevator 0.0 -0.002 ELEVATOR 0.0
X-6 pitch pitch X-axis -6.0 -0.002 Elevator 0.0 -0.003 ELEVATOR 0.0
X-4 pitch pitch X-axis -4.0 -0.002 Elevator 0.0 -0.003 ELEVATOR 0.0
X-2 pitch pitch X-axis -2.0 -0.002 Elevator 0.0 -0.002 ELEVATOR 0.0
X pitch X-axis 0.0 -0.002 Elevator 0.0 -0.004 ELEVATOR 0.0
X2 pitch pitch X-axis 2.0 -0.002 Elevator 0.0 -0.003 ELEVATOR 0.0
X4 pitch pitch X-axis 4.0 -0.002 Elevator 0.0 -0.002 ELEVATOR 0.0
X6 pitch pitch X-axis 6.0 -0.002 Elevator 0.0 -0.003 ELEVATOR 0.0
X8 pitch pitch X-axis 8.0 -0.002 Elevator 0.0 -0.003 ELEVATOR 0.0
X-8 pitch pitch X-axis -8.0 0.000 Elevator 5.0 0.000 ELEVATOR 5.0
X-6 pitch pitch X-axis -6.0 0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
X-4 pitch pitch X-axis -4.0 0.000 Elevator 5.0 0.000 ELEVATOR 5.0
X-2 pitch pitch X-axis -2.0 0.000 Elevator 5.0 0.000 ELEVATOR 5.0
X pitch X-axis 0.0 0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
X2 pitch pitch X-axis 2.0 0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
X4 pitch pitch X-axis 4.0 0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
X6 pitch pitch X-axis 6.0 0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
X8 pitch pitch X-axis 8.0 0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
X-8 pitch pitch X-axis -8.0 0.011 Elevator 11.0 0.008 ELEVATOR 11.0
X-6 pitch pitch X-axis -6.0 0.010 Elevator 11.0 0.009 ELEVATOR 11.0
X-4 pitch pitch X-axis -4.0 0.009 Elevator 11.0 0.008 ELEVATOR 11.0
X-2 pitch pitch X-axis -2.0 0.008 Elevator 11.0 0.005 ELEVATOR 11.0
X pitch X-axis 0.0 0.007 Elevator 11.0 0.004 ELEVATOR 11.0
X2 pitch pitch X-axis 2.0 0.006 Elevator 11.0 0.007 ELEVATOR 11.0
X4 pitch pitch X-axis 4.0 0.005 Elevator 11.0 0.004 ELEVATOR 11.0
X6 pitch pitch X-axis 6.0 0.004 Elevator 11.0 0.006 ELEVATOR 11.0
X8 pitch pitch X-axis 8.0 0.003 Elevator 11.0 0.005 ELEVATOR 11.0
X-8 pitch pitch X-axis -8.0 0.013 Elevator 20.0 0.015 ELEVATOR 20.0
X-6 pitch pitch X-axis -6.0 0.013 Elevator 20.0 0.018 ELEVATOR 20.0
X-4 pitch pitch X-axis -4.0 0.012 Elevator 20.0 0.016 ELEVATOR 20.0
X-2 pitch pitch X-axis -2.0 0.011 Elevator 20.0 0.013 ELEVATOR 20.0
X pitch X-axis 0.0 0.010 Elevator 20.0 0.009 ELEVATOR 20.0
X2 pitch pitch X-axis 2.0 0.009 Elevator 20.0 0.011 ELEVATOR 20.0
X4 pitch pitch X-axis 4.0 0.008 Elevator 20.0 0.010 ELEVATOR 20.0
X6 pitch pitch X-axis 6.0 0.007 Elevator 20.0 0.010 ELEVATOR 20.0
X8 pitch pitch X-axis 8.0 0.006 Elevator 20.0 0.008 ELEVATOR 20.0
X-8 pitch pitch X-axis -8.0 0.019 Elevator 26.0 0.020 ELEVATOR 26.0
X-6 pitch pitch X-axis -6.0 0.018 Elevator 26.0 0.020 ELEVATOR 26.0
X-4 pitch pitch X-axis -4.0 0.017 Elevator 26.0 0.021 ELEVATOR 26.0
X-2 pitch pitch X-axis -2.0 0.016 Elevator 26.0 0.015 ELEVATOR 26.0
X pitch X-axis 0.0 0.015 Elevator 26.0 0.018 ELEVATOR 26.0
X2 pitch pitch X-axis 2.0 0.015 Elevator 26.0 0.017 ELEVATOR 26.0
X4 pitch pitch X-axis 4.0 0.014 Elevator 26.0 0.016 ELEVATOR 26.0
X6 pitch pitch X-axis 6.0 0.013 Elevator 26.0 0.016 ELEVATOR 26.0
X8 pitch pitch X-axis 8.0 0.012 Elevator 26.0 0.014 ELEVATOR 26.0
X-8 pitch pitch X-axis -8.0 0.019 Elevator 32.0 0.022 ELEVATOR 32.0
X-6 pitch pitch X-axis -6.0 0.019 Elevator 32.0 0.022 ELEVATOR 32.0
X-4 pitch pitch X-axis -4.0 0.018 Elevator 32.0 0.023 ELEVATOR 32.0
X-2 pitch pitch X-axis -2.0 0.017 Elevator 32.0 0.017 ELEVATOR 32.0
X pitch X-axis 0.0 0.016 Elevator 32.0 0.022 ELEVATOR 32.0
X2 pitch pitch X-axis 2.0 0.015 Elevator 32.0 0.017 ELEVATOR 32.0
X4 pitch pitch X-axis 4.0 0.014 Elevator 32.0 0.023 ELEVATOR 32.0
X6 pitch pitch X-axis 6.0 0.013 Elevator 32.0 0.022 ELEVATOR 32.0
X8 pitch pitch X-axis 8.0 0.012 Elevator 32.0 0.022 ELEVATOR 32.0
Resultant Resultant 
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Y Yaw Y-axis 0.0 -0.001 Rudder -15.0 -0.003 Rudder -15.0
-0.001 Rudder 0.0 -0.003 Rudder 0.0
-0.002 Rudder 6.0 -0.004 Rudder 6.0
-0.001 Rudder 10.0 -0.004 Rudder 10.0
-0.010 Rudder 16.0 -0.008 Rudder 16.0


















Y2 yawing Yaw Y-axis 2.0 -0.002 Rudder -15.0 -0.003 Rudder -15.0
-0.001 Rudder 0.0 -0.002 Rudder 0.0
-0.003 Rudder 6.0 -0.004 Rudder 6.0
-0.002 Rudder 10.0 -0.003 Rudder 10.0
-0.011 Rudder 16.0 -0.018 Rudder 16.0


















Y4 yawing Yaw Y-axis 4.0 -0.002 Rudder -15.0 -0.003 Rudder -15.0
-0.001 Rudder 0.0 -0.001 Rudder 0.0
-0.004 Rudder 6.0 -0.006 Rudder 6.0
-0.002 Rudder 10.0 -0.004 Rudder 10.0
-0.012 Rudder 16.0 -0.020 Rudder 16.0


















Y6 yawing Yaw Y-axis 6.0 -0.002 Rudder -15.0 -0.003 Rudder -15.0
-0.002 Rudder 0.0 -0.003 Rudder 0.0
-0.005 Rudder 6.0 -0.007 Rudder 6.0
-0.002 Rudder 10.0 -0.003 Rudder 10.0
-0.013 Rudder 16.0 -0.019 Rudder 16.0


















Y8 yawing Yaw Y-axis 8.0 -0.002 Rudder -15.0 -0.003 Rudder -15.0
-0.002 Rudder 0.0 -0.003 Rudder 0.0
-0.006 Rudder 6.0 -0.008 Rudder 6.0
-0.002 Rudder 10.0 -0.003 Rudder 10.0
-0.014 Rudder 16.0 -0.020 Rudder 16.0
-0.016 Rudder 23.0 -0.023 Rudder 23.0
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Y Yaw Y-axis 0.0 -0.001 Rudder -15.0 -0.002 Rudder -15.0
-0.001 Rudder 0.0 -0.001 Rudder 0.0
-0.002 Rudder 6.0 -0.003 Rudder 6.0
-0.001 Rudder 10.0 -0.008 Rudder 10.0
-0.010 Rudder 16.0 -0.018 Rudder 16.0


















Y-2 yawing Yaw Y-axis -2.0 -0.001 Rudder -15.0 -0.002 Rudder -15.0
-0.001 Rudder 0.0 -0.003 Rudder 0.0
-0.001 Rudder 6.0 -0.002 Rudder 6.0
-0.001 Rudder 10.0 -0.012 Rudder 10.0
-0.010 Rudder 16.0 -0.017 Rudder 16.0
-0.012 Rudder 23.0 -0.018 Rudder 23.0
Y-4 yawing Yaw Y-axis -4.0 -0.001 Rudder -15.0 -0.002 Rudder -15.0
-0.001 Rudder 0.0 -0.001 Rudder 0.0
0.000 Rudder 6.0 -0.001 Rudder 6.0
-0.001 Rudder 10.0 -0.003 Rudder 10.0
-0.009 Rudder 16.0 -0.010 Rudder 16.0


















Y-6 yawing Yaw Y-axis -6.0 -0.001 Rudder -15.0 -0.002 Rudder -15.0
-0.001 Rudder 0.0 -0.001 Rudder 0.0
0.001 Rudder 6.0 0.002 Rudder 6.0
-0.001 Rudder 10.0 -0.003 Rudder 10.0
-0.008 Rudder 16.0 -0.012 Rudder 16.0


















Y-8 yawing Yaw Y-axis -8.0 -0.001 Rudder -15.0 -0.001 Rudder -15.0
-0.001 Rudder 0.0 -0.001 Rudder 0.0
0.002 Rudder 6.0 0.002 Rudder 6.0
-0.001 Rudder 10.0 -0.003 Rudder 10.0
-0.007 Rudder 16.0 -0.008 Rudder 16.0
-0.009 Rudder 23.0 -0.014 Rudder 23.0
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Appendix A.4 – Yaw Moments vs. Angle of Attack with CG Global Position 
Position DOF
Axis of 













Y-8 yawing Yaw Y-axis -8.0 -0.001 Rudder -15.0 -0.001 Rudder -15.0
Y-6 yawing Yaw Y-axis -6.0 -0.001 Rudder -15.0 -0.002 Rudder -15.0
Y-4 yawing Yaw Y-axis -4.0 -0.001 Rudder -15.0 -0.002 Rudder -15.0
Y-2 yawing Yaw Y-axis -2.0 -0.001 Rudder -15.0 -0.002 Rudder -15.0
Y Yaw Y-axis 0.0 -0.001 Rudder -15.0 -0.002 Rudder -15.0
Y2 yawing Yaw Y-axis 2.0 -0.002 Rudder -15.0 -0.003 Rudder -15.0
Y4 yawing Yaw Y-axis 4.0 -0.002 Rudder -15.0 -0.003 Rudder -15.0
Y6 yawing Yaw Y-axis 6.0 -0.002 Rudder -15.0 -0.003 Rudder -15.0
Y8 yawing Yaw Y-axis 8.0 -0.002 Rudder -15.0 -0.003 Rudder -15.0
Y-8 yawing Yaw Y-axis -8.0 -0.001 Rudder 0.0 -0.001 Rudder 0.0
Y-6 yawing Yaw Y-axis -6.0 -0.001 Rudder 0.0 -0.001 Rudder 0.0
Y-4 yawing Yaw Y-axis -4.0 -0.001 Rudder 0.0 -0.001 Rudder 0.0
Y-2 yawing Yaw Y-axis -2.0 -0.001 Rudder 0.0 -0.003 Rudder 0.0
Y Yaw Y-axis 0.0 -0.001 Rudder 0.0 -0.001 Rudder 0.0
Y2 yawing Yaw Y-axis 2.0 -0.001 Rudder 0.0 -0.002 Rudder 0.0
Y4 yawing Yaw Y-axis 4.0 -0.001 Rudder 0.0 -0.001 Rudder 0.0
Y6 yawing Yaw Y-axis 6.0 -0.002 Rudder 0.0 -0.003 Rudder 0.0
Y8 yawing Yaw Y-axis 8.0 -0.002 Rudder 0.0 -0.003 Rudder 0.0
Y-8 yawing Yaw Y-axis -8.0 0.002 Rudder 6.0 0.002 Rudder 6.0
Y-6 yawing Yaw Y-axis -6.0 0.001 Rudder 6.0 0.002 Rudder 6.0
Y-4 yawing Yaw Y-axis -4.0 0.000 Rudder 6.0 -0.001 Rudder 6.0
Y-2 yawing Yaw Y-axis -2.0 -0.001 Rudder 6.0 -0.002 Rudder 6.0
Y Yaw Y-axis 0.0 -0.002 Rudder 6.0 -0.003 Rudder 6.0
Y2 yawing Yaw Y-axis 2.0 -0.003 Rudder 6.0 -0.004 Rudder 6.0
Y4 yawing Yaw Y-axis 4.0 -0.004 Rudder 6.0 -0.006 Rudder 6.0
Y6 yawing Yaw Y-axis 6.0 -0.005 Rudder 6.0 -0.007 Rudder 6.0
Y8 yawing Yaw Y-axis 8.0 -0.006 Rudder 6.0 -0.008 Rudder 6.0
Y-8 yawing Yaw Y-axis -8.0 -0.001 Rudder 10.0 -0.003 Rudder 10.0
Y-6 yawing Yaw Y-axis -6.0 -0.001 Rudder 10.0 -0.003 Rudder 10.0
Y-4 yawing Yaw Y-axis -4.0 -0.001 Rudder 10.0 -0.003 Rudder 10.0
Y-2 yawing Yaw Y-axis -2.0 -0.001 Rudder 10.0 -0.012 Rudder 10.0
Y Yaw Y-axis 0.0 -0.001 Rudder 10.0 -0.008 Rudder 10.0
Y2 yawing Yaw Y-axis 2.0 -0.002 Rudder 10.0 -0.003 Rudder 10.0
Y4 yawing Yaw Y-axis 4.0 -0.002 Rudder 10.0 -0.004 Rudder 10.0
Y6 yawing Yaw Y-axis 6.0 -0.002 Rudder 10.0 -0.003 Rudder 10.0
Y8 yawing Yaw Y-axis 8.0 -0.002 Rudder 10.0 -0.003 Rudder 10.0
Y-8 yawing Yaw Y-axis -8.0 -0.007 Rudder 16.0 -0.008 Rudder 16.0
Y-6 yawing Yaw Y-axis -6.0 -0.008 Rudder 16.0 -0.012 Rudder 16.0
Y-4 yawing Yaw Y-axis -4.0 -0.009 Rudder 16.0 -0.010 Rudder 16.0
Y-2 yawing Yaw Y-axis -2.0 -0.010 Rudder 16.0 -0.017 Rudder 16.0
Y Yaw Y-axis 0.0 -0.010 Rudder 16.0 -0.018 Rudder 16.0
Y2 yawing Yaw Y-axis 2.0 -0.011 Rudder 16.0 -0.018 Rudder 16.0
Y4 yawing Yaw Y-axis 4.0 -0.012 Rudder 16.0 -0.020 Rudder 16.0
Y6 yawing Yaw Y-axis 6.0 -0.013 Rudder 16.0 -0.019 Rudder 16.0
Y8 yawing Yaw Y-axis 8.0 -0.014 Rudder 16.0 -0.020 Rudder 16.0
Y-8 yawing Yaw Y-axis -8.0 -0.009 Rudder 23.0 -0.014 Rudder 23.0
Y-6 yawing Yaw Y-axis -6.0 -0.010 Rudder 23.0 -0.018 Rudder 23.0
Y-4 yawing Yaw Y-axis -4.0 -0.011 Rudder 23.0 -0.015 Rudder 23.0
Y-2 yawing Yaw Y-axis -2.0 -0.012 Rudder 23.0 -0.018 Rudder 23.0
Y Yaw Y-axis 0.0 -0.013 Rudder 23.0 -0.020 Rudder 23.0
Y2 yawing Yaw Y-axis 2.0 -0.013 Rudder 23.0 -0.021 Rudder 23.0
Y4 yawing Yaw Y-axis 4.0 -0.014 Rudder 23.0 -0.023 Rudder 23.0
Y6 yawing Yaw Y-axis 6.0 -0.015 Rudder 23.0 -0.021 Rudder 23.0
Y8 yawing Yaw Y-axis 8.0 -0.016 Rudder 23.0 -0.023 Rudder 23.0
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Control Deflection for 
Moment
Angle of Deflection 
(degree) for moment Mx (Nm)
Control Deflection of 
Moment
Angle of Deflection 
(degree) for moment
X pitch X-axis 0.0 0.001 Elevator 0.0 ELEVATOR 0.0
0.000 Elevator 5.0 0.000 ELEVATOR 5.0
0.001 Elevator 11.0 0.001 ELEVATOR 11.0
0.002 Elevator 20.0 0.007 ELEVATOR 20.0
0.010 Elevator 26.0 0.013 ELEVATOR 26.0






Control Deflection for 
Moment
Angle of Deflection 
(degree) for moment Mx (Nm)
Control Deflection of 
Moment
Angle of Deflection 
(degree) for moment
X2 pitch pitch X-axis 2.0 0.001 Elevator 0.0 ELEVATOR 0.0
0.000 Elevator 5.0 0.000 ELEVATOR 5.0
0.001 Elevator 11.0 0.002 ELEVATOR 11.0
0.007 Elevator 20.0 0.009 ELEVATOR 20.0
0.010 Elevator 26.0 0.012 ELEVATOR 26.0






Control Deflection for 
Moment
Angle of Deflection 
(degree) for moment Mx (Nm)
Control Deflection of 
Moment
Angle of Deflection 
(degree) for moment
X4 pitch pitch X-axis 4.0 0.000 Elevator 0.0 ELEVATOR 0.0
0.000 Elevator 5.0 0.000 ELEVATOR 5.0
0.001 Elevator 11.0 0.002 ELEVATOR 11.0
0.006 Elevator 20.0 0.007 ELEVATOR 20.0
0.009 Elevator 26.0 0.009 ELEVATOR 26.0






Control Deflection for 
Moment
Angle of Deflection 
(degree) for moment Mx (Nm)
Control Deflection of 
Moment
Angle of Deflection 
(degree) for moment
X6 pitch pitch X-axis 6.0 0.000 Elevator 0.0 ELEVATOR 0.0
0.000 Elevator 5.0 0.000 ELEVATOR 5.0
0.000 Elevator 11.0 0.001 ELEVATOR 11.0
0.005 Elevator 20.0 0.006 ELEVATOR 20.0
0.008 Elevator 26.0 0.008 ELEVATOR 26.0






Control Deflection for 
Moment
Angle of Deflection 
(degree) for moment Mx (Nm)
Control Deflection of 
Moment
Angle of Deflection 
(degree) for moment
X8 pitch pitch X-axis 8.0 0.000 Elevator 0.0 ELEVATOR 0.0
0.000 Elevator 5.0 0.000 ELEVATOR 5.0
-0.001 Elevator 11.0 -0.001 ELEVATOR 11.0
0.004 Elevator 20.0 0.006 ELEVATOR 20.0
0.007 Elevator 26.0 0.009 ELEVATOR 26.0






Control Deflection for 
Moment
Angle of Deflection 
(degree) for moment Mx (Nm)
Control Deflection of 
Moment
Angle of Deflection 
(degree) for moment
X pitch X-axis 0.0 0.001 Elevator 0.0 ELEVATOR 0.0
0.000 Elevator 5.0 0.000 ELEVATOR 5.0
0.007 Elevator 11.0 0.001 ELEVATOR 11.0
0.002 Elevator 20.0 0.007 ELEVATOR 20.0
0.010 Elevator 26.0 0.013 ELEVATOR 26.0






Control Deflection for 
Moment
Angle of Deflection 
(degree) for moment Mx (Nm)
Control Deflection of 
Moment
Angle of Deflection 
(degree) for moment
X-2 pitch pitch X-axis -2.0 0.001 Elevator 0.0 ELEVATOR 0.0
0.000 Elevator 5.0 0.000 ELEVATOR 5.0
0.002 Elevator 11.0 0.001 ELEVATOR 11.0
0.008 Elevator 20.0 0.006 ELEVATOR 20.0
0.011 Elevator 26.0 0.014 ELEVATOR 26.0






Control Deflection for 
Moment
Angle of Deflection 
(degree) for moment Mx (Nm)
Control Deflection of 
Moment
Angle of Deflection 
(degree) for moment
X-4 pitch pitch X-axis -4.0 0.001 Elevator 0.0 ELEVATOR 0.0
0.000 Elevator 5.0 0.000 ELEVATOR 5.0
0.002 Elevator 11.0 0.003 ELEVATOR 11.0
0.009 Elevator 20.0 0.008 ELEVATOR 20.0
0.012 Elevator 26.0 0.014 ELEVATOR 26.0






Control Deflection for 
Moment
Angle of Deflection 
(degree) for moment Mx (Nm)
Control Deflection of 
Moment
Angle of Deflection 
(degree) for moment
X-6 pitch pitch X-axis -6.0 0.001 Elevator 0.0 ELEVATOR 0.0
0.000 Elevator 5.0 0.000 ELEVATOR 5.0
0.002 Elevator 11.0 0.003 ELEVATOR 11.0
0.009 Elevator 20.0 0.005 ELEVATOR 20.0
0.013 Elevator 26.0 0.012 ELEVATOR 26.0






Control Deflection for 
Moment
Angle of Deflection 
(degree) for moment Mx (Nm)
Control Deflection of 
Moment
Angle of Deflection 
(degree) for moment
X-8 pitch pitch X-axis -8.0 0.001 Elevator 0.0 ELEVATOR 0.0
0.000 Elevator 5.0 0.000 ELEVATOR 5.0
0.002 Elevator 11.0 0.002 ELEVATOR 11.0
0.010 Elevator 20.0 0.010 ELEVATOR 20.0
0.013 Elevator 26.0 0.013 ELEVATOR 26.0
0.012 Elevator 32.0 0.012 ELEVATOR 32.0
Resultant Resultant 
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Angle of Deflection 
(degree)
X-8 pitch pitch X-axis -8.0 0.001 Elevator 0.0 0.000 ELEVATOR 0.0
X-6 pitch pitch X-axis -6.0 0.001 Elevator 0.0 0.000 ELEVATOR 0.0
X-4 pitch pitch X-axis -4.0 0.000 Elevator 0.0 0.000 ELEVATOR 0.0
X-2 pitch pitch X-axis -2.0 0.000 Elevator 0.0 0.000 ELEVATOR 0.0
X pitch X-axis 0.0 0.000 Elevator 0.0 0.000 ELEVATOR 0.0
X2 pitch pitch X-axis 2.0 0.001 Elevator 0.0 0.000 ELEVATOR 0.0
X4 pitch pitch X-axis 4.0 0.001 Elevator 0.0 0.000 ELEVATOR 0.0
X6 pitch pitch X-axis 6.0 0.001 Elevator 0.0 0.000 ELEVATOR 0.0
X8 pitch pitch X-axis 8.0 0.001 Elevator 0.0 0.000 ELEVATOR 0.0
X-8 pitch pitch X-axis -8.0 0.000 Elevator 5.0 0.000 ELEVATOR 5.0
X-6 pitch pitch X-axis -6.0 0.000 Elevator 5.0 0.000 ELEVATOR 5.0
X-4 pitch pitch X-axis -4.0 0.000 Elevator 5.0 0.000 ELEVATOR 5.0
X-2 pitch pitch X-axis -2.0 0.000 Elevator 5.0 0.000 ELEVATOR 5.0
X pitch X-axis 0.0 Elevator 5.0 0.000 ELEVATOR 5.0
X2 pitch pitch X-axis 2.0 0.000 Elevator 5.0 0.000 ELEVATOR 5.0
X4 pitch pitch X-axis 4.0 0.000 Elevator 5.0 0.000 ELEVATOR 5.0
X6 pitch pitch X-axis 6.0 0.000 Elevator 5.0 0.000 ELEVATOR 5.0
X8 pitch pitch X-axis 8.0 0.000 Elevator 5.0 0.000 ELEVATOR 5.0
X-8 pitch pitch X-axis -8.0 0.002 Elevator 11.0 0.002 ELEVATOR 11.0
X-6 pitch pitch X-axis -6.0 0.002 Elevator 11.0 0.003 ELEVATOR 11.0
X-4 pitch pitch X-axis -4.0 0.002 Elevator 11.0 0.003 ELEVATOR 11.0
X-2 pitch pitch X-axis -2.0 0.002 Elevator 11.0 0.001 ELEVATOR 11.0
X pitch X-axis 0.0 Elevator 11.0 0.001 ELEVATOR 11.0
X2 pitch pitch X-axis 2.0 0.001 Elevator 11.0 0.002 ELEVATOR 11.0
X4 pitch pitch X-axis 4.0 0.001 Elevator 11.0 0.002 ELEVATOR 11.0
X6 pitch pitch X-axis 6.0 0.000 Elevator 11.0 0.001 ELEVATOR 11.0
X8 pitch pitch X-axis 8.0 -0.001 Elevator 11.0 -0.001 ELEVATOR 11.0
X-8 pitch pitch X-axis -8.0 0.010 Elevator 20.0 0.010 ELEVATOR 20.0
X-6 pitch pitch X-axis -6.0 0.009 Elevator 20.0 0.005 ELEVATOR 20.0
X-4 pitch pitch X-axis -4.0 0.009 Elevator 20.0 0.008 ELEVATOR 20.0
X-2 pitch pitch X-axis -2.0 0.008 Elevator 20.0 0.006 ELEVATOR 20.0
X pitch X-axis 0.0 Elevator 20.0 0.007 ELEVATOR 20.0
X2 pitch pitch X-axis 2.0 0.007 Elevator 20.0 0.009 ELEVATOR 20.0
X4 pitch pitch X-axis 4.0 0.006 Elevator 20.0 0.007 ELEVATOR 20.0
X6 pitch pitch X-axis 6.0 0.005 Elevator 20.0 0.006 ELEVATOR 20.0
X8 pitch pitch X-axis 8.0 0.004 Elevator 20.0 0.006 ELEVATOR 20.0
X-8 pitch pitch X-axis -8.0 0.013 Elevator 26.0 0.013 ELEVATOR 26.0
X-6 pitch pitch X-axis -6.0 0.013 Elevator 26.0 0.012 ELEVATOR 26.0
X-4 pitch pitch X-axis -4.0 0.012 Elevator 26.0 0.014 ELEVATOR 26.0
X-2 pitch pitch X-axis -2.0 0.011 Elevator 26.0 0.014 ELEVATOR 26.0
X pitch X-axis 0.0 Elevator 26.0 0.013 ELEVATOR 26.0
X2 pitch pitch X-axis 2.0 0.010 Elevator 26.0 0.012 ELEVATOR 26.0
X4 pitch pitch X-axis 4.0 0.009 Elevator 26.0 0.009 ELEVATOR 26.0
X6 pitch pitch X-axis 6.0 0.008 Elevator 26.0 0.008 ELEVATOR 26.0
X8 pitch pitch X-axis 8.0 0.007 Elevator 26.0 0.009 ELEVATOR 26.0
X-8 pitch pitch X-axis -8.0 0.012 Elevator 32.0 0.012 ELEVATOR 32.0
X-6 pitch pitch X-axis -6.0 0.011 Elevator 32.0 0.013 ELEVATOR 32.0
X-4 pitch pitch X-axis -4.0 0.010 Elevator 32.0 0.012 ELEVATOR 32.0
X-2 pitch pitch X-axis -2.0 0.009 Elevator 32.0 0.010 ELEVATOR 32.0
X pitch X-axis 0.0 Elevator 32.0 0.011 ELEVATOR 32.0
X2 pitch pitch X-axis 2.0 0.008 Elevator 32.0 0.012 ELEVATOR 32.0
X4 pitch pitch X-axis 4.0 0.007 Elevator 32.0 0.008 ELEVATOR 32.0
X6 pitch pitch X-axis 6.0 0.006 Elevator 32.0 0.009 ELEVATOR 32.0
X8 pitch pitch X-axis 8.0 0.006 Elevator 32.0 0.009 ELEVATOR 32.0
Computational Fluid Dynamics Analysis Results Test Rig Analysis Results
Resultant Resultant 
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Control Deflection for 
Moment
Angle of Deflection 
(degree) My (Nm)
Control Deflection for 
Moment
Angle of Deflection 
(degree)
Y2 yawing Yaw Y-axis 0.0 0.004 Rudder -15.0 0.006 Rudder -15.0
-0.008 Rudder 0.0 -0.012 Rudder 0.0
-0.002 Rudder 6.0 -0.004 Rudder 6.0
-0.001 Rudder 10.0 0.001 Rudder 10.0
-0.008 Rudder 16.0 -0.012 Rudder 16.0






Control Deflection for 
Moment
Angle of Deflection 
(degree) My (Nm)
Control Deflection for 
Moment
Angle of Deflection 
(degree)
Y2 yawing Yaw Y-axis 2.0 0.004 Rudder -15.0 0.007 Rudder -15.0
-0.008 Rudder 0.0 -0.010 Rudder 0.0
-0.002 Rudder 6.0 -0.005 Rudder 6.0
0.004 Rudder 10.0 0.001 Rudder 10.0
-0.010 Rudder 16.0 -0.010 Rudder 16.0






Control Deflection for 
Moment
Angle of Deflection 
(degree) My (Nm)
Control Deflection for 
Moment
Angle of Deflection 
(degree)
Y4 yawing Yaw Y-axis 4.0 0.004 Rudder -15.0 0.006 Rudder -15.0
-0.008 Rudder 0.0 -0.010 Rudder 0.0
-0.003 Rudder 6.0 -0.005 Rudder 6.0
0.004 Rudder 10.0 0.001 Rudder 10.0
-0.011 Rudder 16.0 -0.011 Rudder 16.0






Control Deflection for 
Moment
Angle of Deflection 
(degree) My (Nm)
Control Deflection for 
Moment
Angle of Deflection 
(degree)
Y6 yawing Yaw Y-axis 6.0 0.004 Rudder -15.0 0.006 Rudder -15.0
-0.008 Rudder 0.0 -0.013 Rudder 0.0
-0.004 Rudder 6.0 -0.006 Rudder 6.0
0.004 Rudder 10.0 0.001 Rudder 10.0
-0.012 Rudder 16.0 -0.020 Rudder 16.0






Control Deflection for 
Moment
Angle of Deflection 
(degree) My (Nm)
Control Deflection for 
Moment
Angle of Deflection 
(degree)
Y8 yawing Yaw Y-axis 8.0 0.004 Rudder -15.0 0.006 Rudder -15.0
-0.008 Rudder 0.0 -0.010 Rudder 0.0
-0.004 Rudder 6.0 -0.008 Rudder 6.0
0.004 Rudder 10.0 0.001 Rudder 10.0
-0.012 Rudder 16.0 -0.017 Rudder 16.0






Control Deflection for 
Moment
Angle of Deflection 
(degree) My (Nm)
Control Deflection for 
Moment
Angle of Deflection 
(degree)
Y Yaw Y-axis 0.0 0.004 Rudder -15.0 0.006 Rudder -15.0
-0.008 Rudder 0.0 -0.012 Rudder 0.0
-0.002 Rudder 6.0 -0.004 Rudder 6.0
-0.001 Rudder 10.0 0.001 Rudder 10.0
-0.010 Rudder 16.0 -0.012 Rudder 16.0






Control Deflection for 
Moment
Angle of Deflection 
(degree) My (Nm)
Control Deflection for 
Moment
Angle of Deflection 
(degree)
Y-2 yawing Yaw Y-axis -2.0 0.004 Rudder -15.0 0.003 Rudder -15.0
-0.008 Rudder 0.0 -0.003 Rudder 0.0
-0.001 Rudder 6.0 -0.002 Rudder 6.0
0.004 Rudder 10.0 0.003 Rudder 10.0
-0.008 Rudder 16.0 -0.003 Rudder 16.0






Control Deflection for 
Moment
Angle of Deflection 
(degree) My (Nm)
Control Deflection for 
Moment
Angle of Deflection 
(degree)
Y-4 yawing Yaw Y-axis -4.0 0.004 Rudder -15.0 0.002 Rudder -15.0
-0.008 Rudder 0.0 -0.002 Rudder 0.0
0.000 Rudder 6.0 -0.001 Rudder 6.0
0.004 Rudder 10.0 0.003 Rudder 10.0
-0.008 Rudder 16.0 -0.001 Rudder 16.0






Control Deflection for 
Moment
Angle of Deflection 
(degree) My (Nm)
Control Deflection for 
Moment
Angle of Deflection 
(degree)
Y-6 yawing Yaw Y-axis -6.0 0.005 Rudder -15.0 0.003 Rudder -15.0
-0.008 Rudder 0.0 -0.004 Rudder 0.0
0.001 Rudder 6.0 0.001 Rudder 6.0
0.005 Rudder 10.0 0.003 Rudder 10.0
-0.007 Rudder 16.0 -0.003 Rudder 16.0






Control Deflection for 
Moment
Angle of Deflection 
(degree) My (Nm)
Control Deflection for 
Moment
Angle of Deflection 
(degree)
Y-8 yawing Yaw Y-axis -8.0 0.005 Rudder -15.0 0.002 Rudder -15.0
-0.008 Rudder 0.0 -0.005 Rudder 0.0
0.002 Rudder 6.0 0.001 Rudder 6.0
0.005 Rudder 10.0 0.003 Rudder 10.0
-0.006 Rudder 16.0 -0.004 Rudder 16.0
-0.006 Rudder 23.0 -0.005 Rudder 23.0
Computational Fluid Dynamics Analysis Results Test Rig Analysis Results
Resultant Resultant 
 
Liew Hui Sing (HT050333B)  94  
95e       
          National University of Singapore                                   UNMANNED AIR VEHICLE DESIGN 
 
 



















Y-8 yawing Yaw Y-axis -8.0 0.005 Rudder -15.0 0.002 Rudder -15.0
Y-6 yawing Yaw Y-axis -6.0 0.005 Rudder -15.0 0.003 Rudder -15.0
Y-4 yawing Yaw Y-axis -4.0 0.004 Rudder -15.0 0.002 Rudder -15.0
Y-2 yawing Yaw Y-axis -2.0 0.004 Rudder -15.0 0.003 Rudder -15.0
Y Yaw Y-axis 0.0 Rudder -15.0 0.006 Rudder -15.0
Y2 yawing Yaw Y-axis 2.0 0.004 Rudder -15.0 0.007 Rudder -15.0
Y4 yawing Yaw Y-axis 4.0 0.004 Rudder -15.0 0.006 Rudder -15.0
Y6 yawing Yaw Y-axis 6.0 0.004 Rudder -15.0 0.006 Rudder -15.0
Y8 yawing Yaw Y-axis 8.0 0.004 Rudder -15.0 0.006 Rudder -15.0
Y-8 yawing Yaw Y-axis -8.0 -0.008 Rudder 0.0 -0.005 Rudder 0.0
Y-6 yawing Yaw Y-axis -6.0 -0.008 Rudder 0.0 -0.004 Rudder 0.0
Y-4 yawing Yaw Y-axis -4.0 -0.008 Rudder 0.0 -0.002 Rudder 0.0
Y-2 yawing Yaw Y-axis -2.0 -0.008 Rudder 0.0 -0.003 Rudder 0.0
Y Yaw Y-axis 0.0 -0.008 Rudder 0.0 -0.012 Rudder 0.0
Y2 yawing Yaw Y-axis 2.0 -0.008 Rudder 0.0 -0.010 Rudder 0.0
Y4 yawing Yaw Y-axis 4.0 -0.008 Rudder 0.0 -0.010 Rudder 0.0
Y6 yawing Yaw Y-axis 6.0 -0.008 Rudder 0.0 -0.013 Rudder 0.0
Y8 yawing Yaw Y-axis 8.0 -0.008 Rudder 0.0 -0.010 Rudder 0.0
Y-8 yawing Yaw Y-axis -8.0 0.002 Rudder 6.0 0.001 Rudder 6.0
Y-6 yawing Yaw Y-axis -6.0 0.001 Rudder 6.0 0.001 Rudder 6.0
Y-4 yawing Yaw Y-axis -4.0 0.000 Rudder 6.0 -0.001 Rudder 6.0
Y-2 yawing Yaw Y-axis -2.0 -0.001 Rudder 6.0 -0.002 Rudder 6.0
Y Yaw Y-axis 0.0 Rudder 6.0 -0.004 Rudder 6.0
Y2 yawing Yaw Y-axis 2.0 -0.002 Rudder 6.0 -0.005 Rudder 6.0
Y4 yawing Yaw Y-axis 4.0 -0.003 Rudder 6.0 -0.005 Rudder 6.0
Y6 yawing Yaw Y-axis 6.0 -0.004 Rudder 6.0 -0.006 Rudder 6.0
Y8 yawing Yaw Y-axis 8.0 -0.004 Rudder 6.0 -0.008 Rudder 6.0
Y-8 yawing Yaw Y-axis -8.0 0.005 Rudder 10.0 0.003 Rudder 10.0
Y-6 yawing Yaw Y-axis -6.0 0.005 Rudder 10.0 0.003 Rudder 10.0
Y-4 yawing Yaw Y-axis -4.0 0.004 Rudder 10.0 0.003 Rudder 10.0
Y-2 yawing Yaw Y-axis -2.0 0.004 Rudder 10.0 0.003 Rudder 10.0
Y Yaw Y-axis 0.0 Rudder 10.0 0.001 Rudder 10.0
Y2 yawing Yaw Y-axis 2.0 0.004 Rudder 10.0 0.001 Rudder 10.0
Y4 yawing Yaw Y-axis 4.0 0.004 Rudder 10.0 0.001 Rudder 10.0
Y6 yawing Yaw Y-axis 6.0 0.004 Rudder 10.0 0.001 Rudder 10.0
Y8 yawing Yaw Y-axis 8.0 0.004 Rudder 10.0 0.001 Rudder 10.0
Y-8 yawing Yaw Y-axis -8.0 -0.006 Rudder 16.0 -0.004 Rudder 16.0
Y-6 yawing Yaw Y-axis -6.0 -0.007 Rudder 16.0 -0.003 Rudder 16.0
Y-4 yawing Yaw Y-axis -4.0 -0.008 Rudder 16.0 -0.001 Rudder 16.0
Y-2 yawing Yaw Y-axis -2.0 -0.008 Rudder 16.0 -0.003 Rudder 16.0
Y Yaw Y-axis 0.0 Rudder 16.0 -0.012 Rudder 16.0
Y2 yawing Yaw Y-axis 2.0 -0.010 Rudder 16.0 -0.010 Rudder 16.0
Y4 yawing Yaw Y-axis 4.0 -0.011 Rudder 16.0 -0.011 Rudder 16.0
Y6 yawing Yaw Y-axis 6.0 -0.012 Rudder 16.0 -0.020 Rudder 16.0
Y8 yawing Yaw Y-axis 8.0 -0.012 Rudder 16.0 -0.017 Rudder 16.0
Y-8 yawing Yaw Y-axis -8.0 -0.006 Rudder 23.0 -0.005 Rudder 23.0
Y-6 yawing Yaw Y-axis -6.0 -0.006 Rudder 23.0 -0.005 Rudder 23.0
Y-4 yawing Yaw Y-axis -4.0 -0.007 Rudder 23.0 -0.003 Rudder 23.0
Y-2 yawing Yaw Y-axis -2.0 -0.008 Rudder 23.0 -0.004 Rudder 23.0
Y Yaw Y-axis 0.0 Rudder 23.0 -0.012 Rudder 23.0
Y2 yawing Yaw Y-axis 2.0 -0.010 Rudder 23.0 -0.014 Rudder 23.0
Y4 yawing Yaw Y-axis 4.0 -0.010 Rudder 23.0 -0.014 Rudder 23.0
Y6 yawing Yaw Y-axis 6.0 -0.011 Rudder 23.0 -0.020 Rudder 23.0
Y8 yawing Yaw Y-axis 8.0 -0.012 Rudder 23.0 -0.019 Rudder 23.0
Computational Fluid Dynamics Analysis Results Test Rig Analysis Results
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X pitch X-axis 0.0 0.001 Elevator 0.0 ELEVATOR 0.0
0.000 Elevator 5.0 ELEVATOR 5.0
0.350 Elevator 11.0 ELEVATOR 11.0
0.010 Elevator 20.0 ELEVATOR 20.0
0.015 Elevator 26.0 ELEVATOR 26.0



















Deflection away from X- axis Direction
X2 pitch pitch X-axis 2.0 0.001 Elevator 0.0 -0.002 ELEVATOR 0.0
0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
0.001 Elevator 11.0 0.001 ELEVATOR 11.0
0.006 Elevator 20.0 0.009 ELEVATOR 20.0
0.009 Elevator 26.0 0.013 ELEVATOR 26.0



















X4 pitch pitch X-axis 4.0 0.001 Elevator 0.0 -0.002 ELEVATOR 0.0
0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
0.000 Elevator 11.0 -0.001 ELEVATOR 11.0
0.005 Elevator 20.0 0.008 ELEVATOR 20.0
0.008 Elevator 26.0 0.012 ELEVATOR 26.0



















X6 pitch pitch X-axis 6.0 0.001 Elevator 0.0 -0.004 ELEVATOR 0.0
0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
-0.001 Elevator 11.0 -0.004 ELEVATOR 11.0
0.005 Elevator 20.0 0.009 ELEVATOR 20.0
0.007 Elevator 26.0 0.012 ELEVATOR 26.0



















X8 pitch pitch X-axis 8.0 0.001 Elevator 0.0 -0.004 ELEVATOR 0.0
0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
-0.002 Elevator 11.0 -0.004 ELEVATOR 11.0
0.004 Elevator 20.0 0.003 ELEVATOR 20.0
0.004 Elevator 26.0 0.004 ELEVATOR 26.0
0.007 Elevator 32.0 0.005 ELEVATOR 32.0
Computational Fluid Dynamics Analysis Results
Resultant Resultant 
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X pitch X-axis 0.0 0.001 Elevator 0.0 ELEVATOR 0.0
0.000 Elevator 5.0 ELEVATOR 5.0
0.350 Elevator 11.0 ELEVATOR 11.0
0.010 Elevator 20.0 ELEVATOR 20.0
0.015 Elevator 26.0 ELEVATOR 26.0



















X-2 pitch pitch X-axis -2.0 0.001 Elevator 0.0 -0.003 ELEVATOR 0.0
0.000 Elevator 5.0 -0.002 ELEVATOR 5.0
0.002 Elevator 11.0 0.005 ELEVATOR 11.0
0.008 Elevator 20.0 0.010 ELEVATOR 20.0
0.010 Elevator 26.0 0.013 ELEVATOR 26.0



















X-4 pitch pitch X-axis -4.0 0.001 Elevator 0.0 -0.005 ELEVATOR 0.0
0.000 Elevator 5.0 -0.004 ELEVATOR 5.0
0.003 Elevator 11.0 0.006 ELEVATOR 11.0
0.009 Elevator 20.0 0.013 ELEVATOR 20.0
0.011 Elevator 26.0 0.018 ELEVATOR 26.0



















X-6 pitch pitch X-axis -6.0 0.001 Elevator 0.0 -0.003 ELEVATOR 0.0
0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
0.004 Elevator 11.0 0.009 ELEVATOR 11.0
0.009 Elevator 20.0 0.013 ELEVATOR 20.0
0.012 Elevator 26.0 0.019 ELEVATOR 26.0



















X-8 pitch pitch X-axis -8.0 0.002 Elevator 0.0 -0.005 ELEVATOR 0.0
0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
0.005 Elevator 11.0 0.011 ELEVATOR 11.0
0.010 Elevator 20.0 0.017 ELEVATOR 20.0
0.013 Elevator 26.0 0.021 ELEVATOR 26.0
0.010 Elevator 32.0 0.018 ELEVATOR 32.0
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Angle of Deflection 
(degree)
X-8 pitch pitch X-axis -8.0 0.001 Elevator 0.0 0.001 ELEVATOR 0.0
X-6 pitch pitch X-axis -6.0 0.001 Elevator 0.0 0.001 ELEVATOR 0.0
X-4 pitch pitch X-axis -4.0 0.001 Elevator 0.0 0.001 ELEVATOR 0.0
X-2 pitch pitch X-axis -2.0 0.001 Elevator 0.0 0.001 ELEVATOR 0.0
X pitch X-axis 0.0 0.001 Elevator 0.0 0.001 ELEVATOR 0.0
X2 pitch pitch X-axis 2.0 0.001 Elevator 0.0 0.001 ELEVATOR 0.0
X4 pitch pitch X-axis 4.0 0.001 Elevator 0.0 0.001 ELEVATOR 0.0
X6 pitch pitch X-axis 6.0 0.001 Elevator 0.0 0.001 ELEVATOR 0.0
X8 pitch pitch X-axis 8.0 0.002 Elevator 0.0 0.002 ELEVATOR 0.0
X-8 pitch pitch X-axis -8.0 0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
X-6 pitch pitch X-axis -6.0 0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
X-4 pitch pitch X-axis -4.0 0.000 Elevator 5.0 -0.004 ELEVATOR 5.0
X-2 pitch pitch X-axis -2.0 0.000 Elevator 5.0 -0.002 ELEVATOR 5.0
X pitch X-axis 0.0 Elevator 5.0 ELEVATOR 5.0
X2 pitch pitch X-axis 2.0 0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
X4 pitch pitch X-axis 4.0 0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
X6 pitch pitch X-axis 6.0 0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
X8 pitch pitch X-axis 8.0 0.000 Elevator 5.0 -0.001 ELEVATOR 5.0
X-8 pitch pitch X-axis -8.0 0.005 Elevator 11.0 0.011 ELEVATOR 11.0
X-6 pitch pitch X-axis -6.0 0.004 Elevator 11.0 0.009 ELEVATOR 11.0
X-4 pitch pitch X-axis -4.0 0.003 Elevator 11.0 0.006 ELEVATOR 11.0
X-2 pitch pitch X-axis -2.0 0.002 Elevator 11.0 0.005 ELEVATOR 11.0
X pitch X-axis 0.0 Elevator 11.0 ELEVATOR 11.0
X2 pitch pitch X-axis 2.0 0.001 Elevator 11.0 0.001 ELEVATOR 11.0
X4 pitch pitch X-axis 4.0 0.000 Elevator 11.0 -0.001 ELEVATOR 11.0
X6 pitch pitch X-axis 6.0 -0.001 Elevator 11.0 -0.004 ELEVATOR 11.0
X8 pitch pitch X-axis 8.0 -0.002 Elevator 11.0 -0.004 ELEVATOR 11.0
X-8 pitch pitch X-axis -8.0 0.010 Elevator 20.0 0.017 ELEVATOR 20.0
X-6 pitch pitch X-axis -6.0 0.009 Elevator 20.0 0.013 ELEVATOR 20.0
X-4 pitch pitch X-axis -4.0 0.009 Elevator 20.0 0.013 ELEVATOR 20.0
X-2 pitch pitch X-axis -2.0 0.008 Elevator 20.0 0.010 ELEVATOR 20.0
X pitch X-axis 0.0 Elevator 20.0 ELEVATOR 20.0
X2 pitch pitch X-axis 2.0 0.006 Elevator 20.0 0.009 ELEVATOR 20.0
X4 pitch pitch X-axis 4.0 0.005 Elevator 20.0 0.008 ELEVATOR 20.0
X6 pitch pitch X-axis 6.0 0.005 Elevator 20.0 0.009 ELEVATOR 20.0
X8 pitch pitch X-axis 8.0 0.004 Elevator 20.0 0.003 ELEVATOR 20.0
X-8 pitch pitch X-axis -8.0 0.013 Elevator 26.0 0.021 ELEVATOR 26.0
X-6 pitch pitch X-axis -6.0 0.012 Elevator 26.0 0.019 ELEVATOR 26.0
X-4 pitch pitch X-axis -4.0 0.011 Elevator 26.0 0.018 ELEVATOR 26.0
X-2 pitch pitch X-axis -2.0 0.010 Elevator 26.0 0.013 ELEVATOR 26.0
X pitch X-axis 0.0 Elevator 26.0 ELEVATOR 26.0
X2 pitch pitch X-axis 2.0 0.009 Elevator 26.0 0.013 ELEVATOR 26.0
X4 pitch pitch X-axis 4.0 0.008 Elevator 26.0 0.012 ELEVATOR 26.0
X6 pitch pitch X-axis 6.0 0.007 Elevator 26.0 0.012 ELEVATOR 26.0
X8 pitch pitch X-axis 8.0 0.007 Elevator 26.0 0.004 ELEVATOR 26.0
X-8 pitch pitch X-axis -8.0 0.010 Elevator 32.0 0.018 ELEVATOR 32.0
X-6 pitch pitch X-axis -6.0 0.010 Elevator 32.0 0.015 ELEVATOR 32.0
X-4 pitch pitch X-axis -4.0 0.009 Elevator 32.0 0.011 ELEVATOR 32.0
X-2 pitch pitch X-axis -2.0 0.008 Elevator 32.0 0.011 ELEVATOR 32.0
X pitch X-axis 0.0 Elevator 32.0 ELEVATOR 32.0
X2 pitch pitch X-axis 2.0 0.007 Elevator 32.0 0.009 ELEVATOR 32.0
X4 pitch pitch X-axis 4.0 0.006 Elevator 32.0 0.012 ELEVATOR 32.0
X6 pitch pitch X-axis 6.0 0.005 Elevator 32.0 0.008 ELEVATOR 32.0
X8 pitch pitch X-axis 8.0 0.004 Elevator 32.0 0.005 ELEVATOR 32.0
Test Rig Analysis Results
Resultant Resultant 
Computational Fluid Dynamics Analysis Results
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Y Yaw Y-axis 0.0 0.009 Rudder -15 Rudder -15
Rudder 0.0 -0.019 Rudder 0.0
0.002 Rudder 6 -0.019 Rudder 6
-0.001 Rudder 10 0.122 Rudder 10
-0.010 Rudder 16 0.141 Rudder 16


















Y2 yawing Yaw Y-axis 2.0 0.007 Rudder -15 0.022 Rudder -15
-0.001 Rudder 0.0 -0.021 Rudder 0.0
-0.002 Rudder 6 -0.015 Rudder 6
0.004 Rudder 10 0.008 Rudder 10
-0.010 Rudder 16 -0.020 Rudder 16


















Y4 yawing Yaw Y-axis 4.0 0.006 Rudder -15 0.016 Rudder -15
-0.001 Rudder 0.0 -0.007 Rudder 0.0
-0.003 Rudder 6 -0.013 Rudder 6
0.004 Rudder 10 0.012 Rudder 10
-0.070 Rudder 16 -0.015 Rudder 16


















Y6 yawing Yaw Y-axis 6.0 0.005 Rudder -15 0.019 Rudder -15
-0.001 Rudder 0.0 -0.003 Rudder 0.0
-0.004 Rudder 6 -0.012 Rudder 6
0.004 Rudder 10 0.010 Rudder 10
-0.011 Rudder 16 -0.024 Rudder 16


















Y8 yawing Yaw Y-axis 8.0 0.005 Rudder -15 0.012 Rudder -15
-0.001 Rudder 0.0 -0.009 Rudder 0.0
-0.005 Rudder 6 -0.005 Rudder 6
0.004 Rudder 10 0.010 Rudder 10
-0.012 Rudder 16 -0.019 Rudder 16
0.004 Rudder 23 0.001 Rudder 23
Resultant Resultant 
Test Rig Analysis ResultsComputational Fluid Dynamics Analysis Results
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Y Yaw Y-axis 0.0 0.009 Rudder -15 Rudder -15
Rudder 0.0 -0.019 Rudder 0.0
0.002 Rudder 6 -0.016 Rudder 6
-0.001 Rudder 10 0.121 Rudder 10
-0.010 Rudder 16 0.136 Rudder 16


















Y-2 yawing Yaw Y-axis -2.0 0.008 Rudder -15 0.010 Rudder -15
-0.001 Rudder 0.0 -0.013 Rudder 0.0
-0.001 Rudder 6 -0.005 Rudder 6
0.004 Rudder 10 0.001 Rudder 10
-0.008 Rudder 16 -0.003 Rudder 16


















Y-4 yawing Yaw Y-axis -4.0 0.009 Rudder -15 0.018 Rudder -15
-0.001 Rudder 0.0 -0.010 Rudder 0.0
0.000 Rudder 6 -0.001 Rudder 6
0.004 Rudder 10 0.001 Rudder 10
-0.007 Rudder 16 -0.003 Rudder 16


















Y-6 yawing Yaw Y-axis -6.0 0.010 Rudder -15 0.025 Rudder -15
-0.001 Rudder 0.0 -0.008 Rudder 0.0
0.001 Rudder 6 0.000 Rudder 6
0.005 Rudder 10 0.001 Rudder 10
-0.007 Rudder 16 -0.005 Rudder 16


















Y-8 yawing Yaw Y-axis -8.0 0.010 Rudder -15 0.010 Rudder -15
-0.001 Rudder 0.0 -0.001 Rudder 0.0
0.002 Rudder 6 0.002 Rudder 6
0.005 Rudder 10 0.005 Rudder 10
-0.012 Rudder 16 -0.012 Rudder 16
0.010 Rudder 23 0.010 Rudder 23  
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Control Deflection for 
Moment Angle of Deflection (degree) My (Nm)
Control Deflection for 
Moment
Angle of Deflection 
(degree)
Y-8 yawing Yaw Y-axis -8.0 0.010 Rudder -15.0 0.010 Rudder -15.0
Y-6 yawing Yaw Y-axis -6.0 0.010 Rudder -15.0 0.025 Rudder -15.0
Y-4 yawing Yaw Y-axis -4.0 0.009 Rudder -15.0 0.018 Rudder -15.0
Y-2 yawing Yaw Y-axis -2.0 0.008 Rudder -15.0 0.010 Rudder -15.0
Y Yaw Y-axis 0.0 Rudder -15.0 -15.0
Y2 yawing Yaw Y-axis 2.0 0.007 Rudder -15.0 0.022 Rudder -15.0
Y4 yawing Yaw Y-axis 4.0 0.006 Rudder -15.0 0.016 Rudder -15.0
Y6 yawing Yaw Y-axis 6.0 0.005 Rudder -15.0 0.019 Rudder -15.0
Y8 yawing Yaw Y-axis 8.0 0.005 Rudder -15.0 0.012 Rudder -15.0
Y-8 yawing Yaw Y-axis -8.0 -0.009 Rudder 0.0 -0.019 Rudder 0.0
Y-6 yawing Yaw Y-axis -6.0 -0.009 Rudder 0.0 -0.019 Rudder 0.0
Y-4 yawing Yaw Y-axis -4.0 -0.009 Rudder 0.0 -0.022 Rudder 0.0
Y-2 yawing Yaw Y-axis -2.0 -0.009 Rudder 0.0 -0.015 Rudder 0.0
Y Yaw Y-axis 0.0 -0.010 Rudder 0.0 -0.019 Rudder 0.0
Y2 yawing Yaw Y-axis 2.0 -0.009 Rudder 0.0 0.000 Rudder 0.0
Y4 yawing Yaw Y-axis 4.0 -0.009 Rudder 0.0 -0.019 Rudder 0.0
Y6 yawing Yaw Y-axis 6.0 -0.009 Rudder 0.0 -0.014 Rudder 0.0
Y8 yawing Yaw Y-axis 8.0 -0.009 Rudder 0.0 -0.017 Rudder 0.0
Y-8 yawing Yaw Y-axis -8.0 0.002 Rudder 6.0 0.002 Rudder 6.0
Y-6 yawing Yaw Y-axis -6.0 0.001 Rudder 6.0 0.000 Rudder 6.0
Y-4 yawing Yaw Y-axis -4.0 0.000 Rudder 6.0 -0.001 Rudder 6.0
Y-2 yawing Yaw Y-axis -2.0 -0.001 Rudder 6.0 -0.005 Rudder 6.0
Y Yaw Y-axis 0.0 Rudder 6.0 6.0
Y2 yawing Yaw Y-axis 2.0 -0.002 Rudder 6.0 -0.015 Rudder 6.0
Y4 yawing Yaw Y-axis 4.0 -0.003 Rudder 6.0 -0.013 Rudder 6.0
Y6 yawing Yaw Y-axis 6.0 -0.004 Rudder 6.0 -0.012 Rudder 6.0
Y8 yawing Yaw Y-axis 8.0 -0.005 Rudder 6.0 -0.005 Rudder 6.0
Y-8 yawing Yaw Y-axis -8.0 0.005 Rudder 10.0 0.005 Rudder 10.0
Y-6 yawing Yaw Y-axis -6.0 0.005 Rudder 10.0 0.001 Rudder 10.0
Y-4 yawing Yaw Y-axis -4.0 0.004 Rudder 10.0 0.001 Rudder 10.0
Y-2 yawing Yaw Y-axis -2.0 0.004 Rudder 10.0 0.001 Rudder 10.0
Y Yaw Y-axis 0.0 Rudder 10.0 10.0
Y2 yawing Yaw Y-axis 2.0 0.004 Rudder 10.0 0.008 Rudder 10.0
Y4 yawing Yaw Y-axis 4.0 0.004 Rudder 10.0 0.012 Rudder 10.0
Y6 yawing Yaw Y-axis 6.0 0.004 Rudder 10.0 0.010 Rudder 10.0
Y8 yawing Yaw Y-axis 8.0 0.004 Rudder 10.0 0.010 Rudder 10.0
Y-8 yawing Yaw Y-axis -8.0 -0.005 Rudder 16.0 -0.012 Rudder 16.0
Y-6 yawing Yaw Y-axis -6.0 -0.007 Rudder 16.0 -0.005 Rudder 16.0
Y-4 yawing Yaw Y-axis -4.0 -0.007 Rudder 16.0 -0.003 Rudder 16.0
Y-2 yawing Yaw Y-axis -2.0 -0.008 Rudder 16.0 -0.003 Rudder 16.0
Y Yaw Y-axis 0.0 Rudder 16.0 16.0
Y2 yawing Yaw Y-axis 2.0 -0.010 Rudder 16.0 -0.020 Rudder 16.0
Y4 yawing Yaw Y-axis 4.0 -0.010 Rudder 16.0 -0.015 Rudder 16.0
Y6 yawing Yaw Y-axis 6.0 -0.011 Rudder 16.0 -0.024 Rudder 16.0
Y8 yawing Yaw Y-axis 8.0 -0.012 Rudder 16.0 -0.019 Rudder 16.0
Y-8 yawing Yaw Y-axis -8.0 0.010 Rudder 23.0 0.010 Rudder 23.0
Y-6 yawing Yaw Y-axis -6.0 0.010 Rudder 23.0 0.009 Rudder 23.0
Y-4 yawing Yaw Y-axis -4.0 0.009 Rudder 23.0 0.004 Rudder 23.0
Y-2 yawing Yaw Y-axis -2.0 0.008 Rudder 23.0 0.006 Rudder 23.0
Y Yaw Y-axis 0.0 Rudder 23.0 23.0
Y2 yawing Yaw Y-axis 2.0 0.007 Rudder 23.0 0.016 Rudder 23.0
Y4 yawing Yaw Y-axis 4.0 0.006 Rudder 23.0 0.012 Rudder 23.0
Y6 yawing Yaw Y-axis 6.0 0.005 Rudder 23.0 0.009 Rudder 23.0
Y8 yawing Yaw Y-axis 8.0 0.004 Rudder 23.0 0.001 Rudder 23.0
Test Rig Analysis Results
Resultant Resultant 
Computational Fluid Dynamics Analysis Results
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